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by 

Richard  Royce  Scott 
ABSTRACT 

Results  of  an  analytical  and  experimental  investigation  of  a  super¬ 
sonic  fluid  amplifier  are  presented.  A  power  fluid  was  accelerated  in 
a  conical,  convergent-divergent  expansion  nozzle  with  a  14°  half  angle 
of  divergence.  The  nozzle  discharged  into  a  two  dimensional  flow 
passage.  Glass  plates  were  used  as  two  walls  so  that  a  schlieren  light 
system  could  be  used  to  observe  the  flow.  High  speed  schlieren 
photographs  (5000  frames/ sec)  were  taken  of  the  switching  phenomena 
for  power  fluid  supply  pressures  of  1200,  1000,  800,  600  and  250  psig. 

For  certain  supply  pressu*  ^s  the  pow-er  flow  can  be  sw-itched  from 
one  to  the  other  of  two  exit  channels.  Direction  of  the  power  flow  is 
determined  by  a  control  jet  issuing  from  one  of  the  two  control  ports. 
The  control  ports  wrere  located  opposite  each  other  at  the  exit  of  the 
expansion  nozzle  and  their  geometrical  axes  were  perpendicular  to  the 
axis  of  the  nozzle. 

An  analysis  is  presented  by  which  the  bistable  state  of  a  super¬ 
sonic  amplifier  can  be  described.  One  dimensional  assumptions  are 
made  in  order  to  determine  the  fluid  properties  before  the  fluid 
separates  from  the  nozzle  boundary.  The  area  ratio  and  Mach  Number 


at  separation  are  predicted  by  assuming  that  the  particles  moving  along 
a  characteristic  streamline  in  the  boundary  layer  flow  into  a  stagnation 
region.  The  location  of  the  stagnation  region  and  the  strength  of  the 
oblique  shock  initiated  at  that  boundary  determine  whether  the  sepa¬ 
rated  free  stream  boundary  at  that  surface  is  deflected  into  the  opposite 
exit  channel  or  flows  out  the  adjacent  exit  channel ,  The  location  of 
the  stagnation  region  is  predicted  in  terms  of  the  specific  heat  ratio 
and  the  chamber  to  discharge  pressure  ratio.  Results  from  both 
theoretical  equations  and  experimental  data  are  presented  in  graphi¬ 
cal  form . 

An  analysis  is  presented  and  an  equation  is  derived  to  predict 
switching  times.  The  analysis  is  based  on  a  control  volume  located 
at  the  control  port  region.  Experimental  switching  times  determined 
from  high  speed  schlieren  iiim  are  tabulated  for  nitrogen  and  hydra¬ 
zine  at  chamber  pressures  of  1200  and  1000  psig. 
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I.  Introduction 


A.  Analogy  Between  Electronic  and  Fluid  Amplifiers 
Fluid  amplification  has  advanced  rapidly  to  its  present  state  since 
its  conception  in  the  late  nineteen  fifties.  Some  of  the  first  contribu¬ 
tions  to  the  art  and  science  were  published  in  the  proceedings  of  a 
symposium  held  in  1960  (15).  Amplification  is  a  process  by  which  a 
fluid  signal,  either  pressure  or  flow-rate,  is  used  to  control  or  direct 
a  fluid  stream  whose  pressure  source  or  flowrate  is  usually  greater 
than  that  of  the  signal.  The  process  is  similar  to  that  occurring  in  an 


(a)  TrioJe  Vacuum  lube 


Figure  I- 1  .  Diagrams  of  Electrical  and  Fluid  Amplifiers 
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electronic  tube.  Schematics  of  each  process  arc-  shown  in  Figure  I- 1  . 

In  Fig.  I- 1(a)  the  cathode  is  heated  and  emits  a  flow  of  electrons  to 
the  plate.  This  current  can  be  considered  analogous  to  the  power  flow 
of  the  fluid  amplifier.  The  electron  flow  from  cathode  to  plate  creates 
an  electrical  field.  The  insertion  of  the  grid  provides  a  means  for 
changing  the  electrical  field  in  the  tube.  When  a  voltage  signal,  L's< 
is  impressed  on  the  grid  circuit,  then  a  small  change  in  L'g  will  effect 
a  large  change  in  the  cathode  to  plate  voltage,  such  that  the  output 
voltage  is  an  amplification  of  F  . 

Similarly  m  Fig.  l-l(b)  the  power  fluid  of  the  fluid  amplifier 
creates  a  pressure  and  momentum  field  between  U-c  and  B-c.  The 
control  signal  can  change  the  field  and  thus  deflect  the  power  jet, 
producing  an  amplification  of  the  control  signal. 

The  vacuum  tube  can  be  designed  to  amplify  the  voltage,  current 
or  power.  Similarly  the  fluid  amplifier  can  be  designed  to  deliver 
either  a  pressure,  flow  or  power  amplification.  Gain  is  defined  as 
the  ratio  of  output  to  input.  Amplification  is  defined  as  the  derivative 
of  output  with  respect  to  input. 

B.  Discussion  of  Literature 

Marly  work  in  the  field  of  fluid  amplification  was  in  the  area  of 
subsonic  amplification  (2b)  and  (JO).  As  interest  in  the  field  grew, 
theories  Dr  different  aspects  of  subsonic  amplification  were  developed. 
Some  of  the  applications  include  flow  control  valves  with  no  moving 
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parts,  logic  circuits,  proportional  amplification,  and  guidance  control 
(30)  and  (31). 

One  of  the  application  areas  m  which  intense  interest  lias  devel¬ 
oped  is  that  of  missile  guidance  control  systems  (H).  Of  necessity, 
these  are  required  to  he  reliable,  small  and  powerful.  The  feature 
of  no  moving  solid  parts  m  fluid  amplification  systems  contributes  to 
their  overall  reliability.  11  in  addition  they  can  be  made  small  and 
simultaneously  power  ful  enough  to  perform  the  tasks  desired,  they 
can  compete  lavorablv  with  other  means  ui  guidance'  control.  A 
system  which  employs  a  high  pressure  gas  as  the  power  source  tor 
the  last  or  power  amplifier  could  deliver  the  required  control  forces 
and  yet  be  kept  small.  With  these  objective*  the  Army  Missile 
Command  has  developed  a  control  sysu  m  which  utilizes  a  supersonic 
[lower  amp]  ll'ier  (d) 

In  addition  to  Dunaway  (3)  ol  tin  1‘  S.  Ai  my  Missile  Command, 
Holmes  and  l'oxwell  (13)  haw  done  important  cxpci  imtnial  work  m 
determining  the  variables  win.  h  affect  supersor. n  fluid  ampl ilieation . 

A  paper  by  Sluh  (23)  leports  the  lcsults  ot  a  theoietu  al  study  of  a 
two-dimensional  supersonic  fluid  amp-1  itier  employing  the  method 
of  characteristic*  Stub  de.se  i  ibes  the  pt  c  ss-ui  c  velocities  and  free 
Stream  boundaries  !m  vaj  unis  supply  and  i.intiol  ptessuic  s  when  the 
power  fluid  is  directed  out  a  pailn-ular  ■  \it  cli-.niwl  this  work  and 
the  experimental  work  mentioned  above  <  min  limm  in  tin  mule  i  standing 
of  liic  nice  ha  nic  s  i  n  voi  ved  m  the  opt  j  ,i  i  mu  -  u  tin  m-|  ..  iconic  amj  .1 1 !  ic  i 
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.1 ,  Yalamanchili  has  done  eoth  experimental  (33)  and  analytical  (32) 
work  on  a  supersonic  amplifier.  The  configuration  investigated  was 
analyzed  from  a  free  jet  standpoint.  Thus  the  model  configuration  and 
analysis  are  different  than  those  presented  here. 

When  one  searches  for  references  in  supersonic  amplification, 
papers  on  thrust  vector  control  using  secondary  injection  are  certain 
to  appear.  This  happens  because  there  is  considerable  similarity 
between  the  two  flow  phenomena  where  the  secondary  jet  is  analogous 
to  the  control  fluid  signal.  They  both  are  used  to  deflect  a  larger 
stream  and  thus  achieve  a  large  response  in  relation  to  the  signal 
used.  An  analysis  of  the  interaction  of  injected  fluid  with  the  super¬ 
sonic  stream  is  presented  in  a  paper  by  J.  1J .  Hroadwell  (5)  in  which 
analytical  results  are  compared  with  experimental  results.  Although 
thrust  vector  control  by  secondary  injection  and  supersonic  amplifi¬ 
cation  may  at  first  appear  almost  identical,  they  have  two  major 
differences.  The  first  difference  is  that  the  power  flow  in  the  super¬ 
sonic  amplifier  is  usually  overexpanded  at  the  position  where  the 
control  signal  is  applied.  This  overexpansion  leads  to  separation  in 
tiie  nozzle  .  In  thrust  vector  control,  the  power  flow  in  the  nozzle  is 
intended  primarily  as  the  thrust  of  a  rocket  or  missile.  Since  it  is 
inefficient  to  either  overexpand  or  underexpand  the  flow  in  the  power 
nozzle,  the  flow  is  not  overexpanded  at  the  position  of  injection  (26). 
Tiie  second  major  difference  is  that  after  the  fluw  in  a  supersonic 
amplifier  has  been  initially  directed  into  an  exit  channel,  rigid 


boundaries  continue  to  change  the  flow's  direction.  In  the  thrust  vector 
control  mechanism  there  are  no  boundaries  which  continually  change 
the  flow  direction. 

Since  in  supersonic  amplification  the  flow  is  directed  out  one  exit, 
separation  from  the  opposite  wall  must  be  experienced.  Flow  sepa¬ 
ration  can  be  divided  into  classes  according  to  t lie  manner  in  which  it 
is  caused.  The  three  types  of  separation  are  spontaneous,  semi- 
spontaneous  and  induced  separations.  Illustrations  of  each  are  given 
in  Figure  1-  2  , 

Spontaneous  shock- separation  is  defined  as  the  type  in  which  the 
shock,  and  flow  downstream  of  the  shock,  are  caused  because  of  a 
downstream  adverse  pressure  gradient  imposed  on  the  flow.  An 
illustration  of  this  type  is  the  flow  in  an  overexpanded  nozzle  shown 
in  Figure  I-2<a).  A  semi- spontaneous  shock- separation  (Figure  I -2b) 
is  caused  by  some  obstacle  in  the  flow,  but  the  separation  shock  can 
still  assume  a  free  position  and  inclination  anglt  ,  In  both  the  spon¬ 
taneous  and  semi- spontaneous  case.-.,  the  separation  shoc  k  is  initiated 
at  the  boundary  from  which  the  flow1  separates.  An  induced  shock - 
separation  (Figure  I-2c)  is  caused  by  an  external  shock  impinging  on 
a  boundary  layer  and  causing  it  to  separate. 

Three  important  papers  of  a  theoretical  nature  wlm  h  attempt  to 
explain  shock-separated  boundary  layers  and  thus  separated  flows  ai  c 
those  by  Cl .  Y. .  Gadd  (12),  M.  Arens  and  i.'.  Spiegier  (2),  ami  \.  Magei 
(21).  Gadd  assumes  that  to  separate  a  .supersome  tur  bulent  houmjai  \ 
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layer  where  there  is  a  shock-boundary  layer  interaction,  a  shock 
pressure  ratio  sufficient  to  stagnate  a  characteristic  velocity  U  in 
thi'  boundary  layer  is  necessary.  The  shock  Gatld  is  concerned  with 
is  one  which  is  initiated  outside  the  boundary  layer  (i.e.,  induced 
shock  separation,  sec  Figure  I -2(c))  and  intersects  the  boundary 
layer  some  distance  downstream  of  its  generation.  M  .  Arens  and 
K.  SpiegU  r  use  this  idea  in  a  theoretical  development  in  winch  the 
shock  is  mitia'ed  in  the  vicinity  of  the  boundary  layer  separation 
(spontaneous  and  semi -spontaneous) .  J-xperimental  data  published  by 
various  authois  (3),  (s)  and  (23)  correlate  well  with  the  equations 
they  derive.  A.  Mager  describes  a  free  or  spontaneous  separation  by 
considering  semi- empirical  transformations  between  incompressible 
turbulent  boundar  ’-'  ets  and  compressible  turbulent  boundary  layers 
for  the  plane  case.  This  theory  ^'rntpares  well  with  MeKcnny's  (23) 
two  dimensional  sepm  u;»-<n  data  in  an  ovet  •  expanded  supersonic  flow. 

Arens  and  Spiegler  show  through  plot.-,  of  their  dei  ived  equations 
and  experimentally  obtained  data  tfiat  then  equations  will  predict 
separations  lor  all  the  general  cases  shown  m  Figure  13.  This 
appears  reasonable  since  there  is  ac  tually  little  difference  among  the 
three  cases  when  the  mechanic  s  of  flow  m  the  boundary  layer  m  used 
as  a  basis  for  comparison. 

Ollier  authors  pi  edict  sepai  ai  ion  bast  d  on  expei  i  menial  obscr 

■•aijons.  Delming  1’  /  P  a.s  the  i  atm  of  reparation  to  at  i .  i  '  w-.  i  >!  ic  r  n 

i  a 

pressure,  IT  azer.  l.Tseuklam  and  Wilkie  (10)  <  <>m  hide  tliai  when  a 
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lot  disc  harged  to  an  atmosphei  e  of  14  7  psia  the  jet  separates  when 

P  IP  -  0.38.  Sutr.mei  field  (27)  and  MoKenny  (22)  conclude  that 
i  a  J 

0.33  <  P  /P  <0.41  lot  c  humber  to  ambient  pi  essui  e  i  atio.s  tested, 

—  i  a  — 

and  thus  P./P  is  non:  ox unatc  lv  constant.  This  may  be  true  ioi  the 
i  a 

small  range  ul  picssuic  ratios  (13.4  <  P  /P^  <  22,4)  investigated. 

A  larger  range  ot  c  hanibei  to  ambient  pressure  iatios  (50  <  P  / P  < 
113)  mdieates  a  delimit’  dependence  of  the  boundary  layer  separation 
on  the  ttce  stieam  Mach  Numbo  (2)  and  •'  1  T  i 

(.".  Definitions  and  Pcsct  i  pt  ion  <4  Amplifier  Chat  aetc  list  ies 
An  amplifier  is  bistable  ii  then:  art  only  two  stable  flow  config¬ 
urations  which  it  will  maintain.  The  power  flow  of  an  ideal  bistable 
fluid  amplifier  can  be  s.c  itched  Pont  one  to  the  either  oi  these  two 
stable  flow  configurations,  which  arc,  foi  the  present  study,  fiom 
total  flow  out  one  exit  to  total  flow  out  the  second  exit.  It  the  .switching 
const!  amt  is  removed  before  the  power  flow  is  fully  switched,  the 
power  stieam  of  the  idea!  aniplil.cr  will  go  to  one  of  the  two  stable 
configurations  .  Otter,  an  amplifier  does  .not  have  ideal  bistable 
characteristics  and  a  tint  d  flow  configuration  can  be  determined  lot 
which  part  of  th<  power  fluid  leave.-  l>v  ore-  exit  and  the  rest  by  the 
second  exit.  The  flow  m  this  thud  c  onf  lg.n  at  ton  is  usually  less  stable 
than  c  it  lie  r  of  tin  In.-trble  <  on!  igur  a:  ion-  whe  n  the  amplifier  is 
operated  in  r  supply  pn  -run.  .»  aii,"e  for  win  I;  flow  out  one  exit 
ehanne  1  i.an  b<  in  amtain*  d  J  hi  di  git  t  of  smbuitc  for  the  third  flow 
configuration  c be  si  c  n  to  In  smuflei  ih.i.  'n't  tm  flow  out  one  exit 
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from  the  following  qualitative  reasoning.  It  is  less  difficult  to  stop  a 
partial  flow  from  one  exit  and  thus  force  all  the  power  fluid  into  a 
stable  flow  out  the  second  exit  than  it  is  to  stop  the  total  power  flow 
configuration.  Thus  an  amplifier  could  be  defined  as  bistable  even 
though  a  third  flow  configuration  can  be  determined,  if  this  third  con¬ 
figuration  is  less  stable  than  the  two  '  stable  flow"  configurations. 
Therefore  the  flow  configuration  which  exists  when  the  power  fluid 
continues  to  flow  out  an  exit,  after  all  restrictions  used  to  force  the 
power  fluid  out  that  exit  arc  removed,  will  be  called  a  bistable  ldow 
configuration.  The  conditions  necessary  to  maintain  tins  stable  state 
in  the  supersonic  amplifier  will  be  presented  in  Section  II. 

In  addition  to  a  study  of  conditions  necessary  to  maintain  the 
bistable  state,  the  switching  of  the  power  fluid  liom  one  stable  posi¬ 
tion  to  the  other  is  also  studied  and  results  ai  e  presented  herein. 

The  switching  time  is  defined  as  the  tunc  requited  to  move  the  power 
stream,  from  a  stable  position  on  one  side  o:  the  amplifier  to  a  stable 
position  on  the  other  side.  The  switching  tunc  is  only  part  of  the 
response  time,  which  is  defined  as  the  time  lapse  necessary  to 
observe  full  effects  of  the  power  stream  at  the  output  position  after 
the  control  signal  is  applied.  After  the  power  stream  is  switched  the 
fluid  must  flow  to  the  output  position.  The  time  lapse  between 
switching  and  arrival  ol  power  fluid  at  the  output  position  is  the  trans¬ 
port  tune  ol  the  powei  stream.  Schematically  these  times  are  shown 
u1.  Figure  1  -  [i  and  arc  essentially  the  same  as  m  iei  i  uu  c  (la).  A- 
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Figure  1-3,  Schematic  of  Amplifier  Response  Time 

can  be  seen  in  Figure  1-3,  there  is  some  time  after  the  control  signal 
is  applied  before  there  is  a  decrease  in  the  output  felt  at  l1  -  ex  and  a 
response  is  felt  at  D  -  ex.  Also  it  is  seen  that  the  switching  time 
termination  cannot  be  definitely  identified  on  this  diagram.  This  is 
because  the  portion  of  fluid  from  the  power  stream  left  in  the  upper 
channel  after  the  power  stream  is  switched  is  still  felt  at  U  -  ex  until 
it  has  flowed  to  the  exit.  This  same  tune  is  necessary  tor  the  fully 
switched  stream  to  be  felt  at  B  -  ex  . 

Although  the  Army  Missile  Command  had  developed  a  supersonic 
fluid  amplifier  that  operated,  there  were  many  questions  connected 
with  its  operation  still  unanswered.  Examples  of  these  questions  are: 
(1)  why  does  the  amplifier  switch  only  in  certain  chamber  pressure 
regions,  (2)  what  are  the  effects  of  using  a  high  temper  aiure  power 
fluid  and  (3)  what  are  the  effects  of  varying  the  magnitude  and/or  fre¬ 
quency  of  the  control  signal.  In  order  to  formulate  a  flow  model  from 
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which  answers  to  questions  of  this  type  could  be  obtained,  an  experi¬ 
mental  investigation  of  the  switching  phenomena  was  performed  at  the 
University  of  Alabama  and  Redstone  Arsenal.  Insight  gained  from  the 
experimental  results  helped  guide  the  development  of  a  theoretical 
flow  model.  The  purpose  of  this  thesis  is  to  present  the  experimental 
results,  the  theoretical  flow  model  formulated  to  explain  the  experi¬ 
mental  data,  arid  describe  the  mechanics  involved  in  supersonic  fluid 
amplification.  An  undet  standing  of  the  mechanics  can  be  applied  to 
other  flow  situations  and  in  general  used  to  improve  amplifier  design. 

Figure  II- 1  (page  21)  shows  the  flow  model  which  was  used  for  the 
experimental  work.  Details  of  the  flow  geometry  are  given  in  Section 
111.  Tins  configuration  was  chosen  because  the  U.  S.  Army  Missile 
Command's  Inertial  Guidance  and  Control  Laboratories  had  a  control 
system  in  which  there  was  a  similar  amplifier  and  on  which  consid¬ 
erable  prelinur.ai  y  experimental  work  had  already  been  conducted. 

It  was  desired  to  establish  a  better  basic  understanding  of  this  ampli¬ 
fier.  Also  it  was  known  that  this  configuration  performed  reasonably 
well  lor  certain  ranges  of  supply  pressures  and  control  pressures, 

D.  Discussion  of  basic  liquations 

Sonic  flow  is  attained  when  the  speed  of  a  flowing  fluid  is  of  a 
magnitude  such  that  a  disturbance  generated  at  a  point  m  the  sti  earn 
cannot  be  propagated  upstream  ot  the  point  of  disturbance.  It  the 
fluid  reaches  any  higher  speed,  then  the  speed  is  referred  to  as  .-up<  :  - 
sonic,  liy  applying  the  momentum  and  continuity  equations  to  a  plane 
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stationary  disturbance  in  a  flowing  fluid,  the  speed  which  the  fluid 
must  attain  to  keep  the  disturbance  from  propagating  upstream  is 

a  -  /T3P/5'p  T  ■  1-1 

For  a  perfect  gas  (P/p  -  R^T)  and  an  lsentropic  process  (P/p^  - 
constant),  I-  1  becomes 

a  =  /KR  T  -  /  KP/p  1-2 

g 

The  Mach  number  is  the  ratio  of  speed  of  flow  to  local  speed  of  sound. 

M  =  V/a 

Thus  M  =  1  indicates  sonic  velocity. 

The  converging  -  diverging  nozzle  is  used  to  accelerate  com¬ 
pressible  fluids  to  supersonic  velocities.  The  supersonic  flow'  will 
be  reduced  to  subsonic  flow  if  the  high  speed  fluid  passes  through  a 
normal  shock.  A  shock  in  supersonic  How  is  a  discontinuity,  across 
which  the  stream  properties  (p  ,  T,  p,  V)  change.  The  ’discontinu¬ 
ity''  actually  has  a  thickness  on  the  order  of  Id  J  inches  (24).  The 
equations  which  govern  the  change  in  stream  properties  across  a 
normal  shock  are  well  known  and  are  developed  in  most  gas  dynamics 
texts  (see  for  instance  (20)  and  (24)).  Figure  1-4  shows  two  dimen¬ 
sional  flow  in  a  duct  and  an  ideal  normal  shock.  The  equations  which 
govern  the  changes  in  properties  are  listed  for  later  reference.  They 
are  derived  using  the  equations  of  continuity,  momentum  and  energy. 
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fur  an  ideal  gas  and  steady  flow. 
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Figure  1-4.  Normal  Sliock  and  Stream  Property  Changes 
Across  the  Shoc  k 
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From  equation  1-6  above,  if  one  substitutes  the  definition  of  enthalpy 
and  Mach  Number  one  obtains: 

M 2 .  i: 

'2  ™,2-¥  ' 

The  following  equations  are  derived  for  an  ideal  gas  from  1-4,  1-5 
and  1-6 . 


P2  "  P1  2K  2 
— —  -  —  '  1} 

p  2  (K  +  l)  Mj" 

q 

P  1  (K- 1)  M  "  +  2 
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2(K-1)(KM  “  +  1)  9 

1  + - (M“ 

.2  . .  2  1 


1) 


(K  +  l)  M 


1 


1-10 


Equations  1-7  through  1-10  are  the  equations  relating  the  properties  of 
a  stream  across  a  normal  shock. 

The  oblique  shock  occurs  in  supersonic  fluid  amplification  as  the 
stream  is  bent  so  that  it  is  directed  out  one  or  the  other  of  the  ampli¬ 
fier  output  channels.  Consider  Figure  1-5  which  shows  a  supersonic 
stream  flowing  through  an  oblique  shock.  Figure  I- 5(a)  shows  a  fluid 


Figure  1-5.  Oblique  Shock  and  Its  Effect  on  a  Streamline 

stream  of  uniform  velocity  approaching  an  oblique  shock  wave  inclined 
a*  an  a-.g'c  $  to  the  direction  of  flow.  Across  the  oblique  shock  one 
streamline  is  shown  inclined  at  an  angle  S  to  the  initial  flow  direction. 
Since  the  flow  is  uniform  an  analysis  of  wnat  happens  to  one  stream¬ 
line  will  represent  what  happens  to  all  the  flow  across  the  shock. 

In  Figure  I- 5(b)  the  velocity  is  divided  into  normal  and  tangential 
components  on  both  sides  of  the  shock  wave.  Hy  using  the  continuity 
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and  momentum  equations  parallel  to  the  shock  the  following  is  obtained 


p.V  -  P9V 

1  ni  2  n2 


(p  V  )  V  -  (p„V  )  V 

1  rij 

from  which  it  is  apparent  that  V  =  V  -  V  . 

1  2 

When  the  continuity  and  momentum  equations  are  applied  across 

the  shock  in  a  normal  direction,  relations  are  obtained  which  are 

analogous  to  the  normal  shock  relations.  In  the  normal  shock  case 

we  have  V^aj  =  R1  where  V ^  is  the  normal  component  of  flow.  In 

the  oblique  shock,  the  initial  normal  component  is  V  -  V  sin  cp  . 

nl 

The  initial  Mach  Number  now  is  M  -  V  /a  where  V  =•  \'  Is  in  tp  . 

ill  ni 


sin  cp  , 


To  obtain  the  oblique  shock  relations  M  is  replaced  by  sm  cp  in 
equations  1-7,  1-8,  1-!'  and  1-10.  Similarly  it  can  be  shown  that 


- -  M  sm  (cp  -  S).  Thus,  the  equations  relating  properties 

a2 

across  an  oblique  shock  are: 


M  "  sin“  (cp  -  S)  - 


,  K-l  ..  2  2 

1  T  — ~  m  ^  sm  cp 

....  2  2  K-l 

KMj  sm  cp - - — 


IB 


P  -  P 

2 _ M  _  2K 


1  ~  1 Zn  (Mi  sin  «p  ‘  i) 


P2  (K+l)  M2  sin2  tp 
P  1  <K-1)  M  2  sin2  cp  +  2 


^2  2(K-l)(KMj2  sin2  cp  +  1)  ^ 

T~  ~  1  +  o  o  ^  (M,  sin"  cp  -1) 

1  (K+l)“  M2  Sin2  cp  1 

1  1-14 


Consider  now  Figure  i-5(b).  From  geometry  tan  cp  -  — ~  and 

V  t 

tan  (cp  -  0)  =  Vn_/Vt.  Using  the  continuity  equation  and  eliminating 
V  gives 


tan  (cp  -  6  ) 

tan  cp  V 


^2  p_i 

nl  P2  ‘ 


Using  equation  1-13,  this  becomes 


tan  (cp  -  9)  .  <K_1)  sin2  cp  *  2 

tan  cp  ,  2  o 

(K+l)  M  '  sin'  cp 


Solving  for  tan  9.  we  obtain 


tan  6  1  2  cot  cp 


2  9 

M  sin"  cp  -  1 


IUj"  (K  +  cos  2c?)  +  2 


1  he  equations  from  I  - 1 1  to  1-15  describe  the  properties  of  flow  across 
an  oblique  shock  which  will  be  useful  in  describing  the  mechanics  of 


II.  Development  of  liquations  Describing  instability  and 
the  Switching  Phenomena 

A.  Regimes  of  Flow 

The  various  regimes  of  flow  which  exist  in  a  converging-diverging 
nozzle  are  determined  primarily  by  the  nozzle  chamber  pressure,  the 
pressure  of  the  ambient  to  which  the  nozzle  exhausts,  the  nozzle 
geometry  and  the  boundary  layer.  These  regimes  will  be  defined  for 
an  axisymmetric  conical  nozzle. 

The  flow  regimes  of  importance  for  the  nozzle  geometry  consid¬ 
ered  herein  will  be  defined  in  terms  of  the  pressure  ratio  (P  /P  >. 

o  a 

If  (P  /P  )  -  1  no  flow  occurs.  If  (P  / P  )  is  defined  as  the  maximun 
o  a  o  a  1 

pressure  ratio  which  cannot  be  exceeded  if  subsonic  flow  is  to  exist 

everywhere  in  the  nozzle  then  1  <  (P  /P  )  <  (P  /P  ),  is  the  subsonic 
J  o  a  o  a  1 

pressure  ratio  range.  For  (P  / P  )  =  (P  / P  ).  the  fluid  velocity  is 
'  &  o  a  o  a  1 

some  at  the  nozzle  throat  but  subsonic  from  the  throat  to  the  exit. 

For  (P  / P  )  <  (P  / P  ).  there  will  be  no  shocks  within  the  nozzle  flow, 
o  a  -  o  a  1 

Thus  all  flow  in  the  nozzle  can  be  considered  one  dimensional  and 

lsentropic  when  the  boundary  layer  is  neglected. 

(P  / P  )„  will  be  defined  as  the  maximum  pressure  ratio  for 
o  a  2 

winch  normal  shocks  occur  in  the  nozzle.  Tiius  (P  / P  ),  <  (P  / P  )  < 

o  3  i  o  a 

(P  IV  )„  is  the  flow  regime  for  which  normal  shocks  occur  m  the 
o  a  2  & 
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flow.  The  supersonic  velocity  downstream  of  t lie  nozzle  throat  is 

reduced  to  subsonic  velocity  by  the  normal  shock  at  some  position 

before  the  nozzle  exit  and  t lie  fluid  then  flows  to  the  exit  with  subsonic 

velocity.  When  (I’  IP  )  -  (P  / P  L  the  normal  shock  reaches  its 
J  o  a  o  a  2 

farthest  position,  downstream  of  t lie  throat.  When  (P  /P  ).,  is 

2  o  a  3 

the  pressure  ratio  for  which  oblique  shocks  exist  at  the  nozzle  exit 

then  (P  /P  )„<  (P  /P  )  <-  (P  /P  ).  is  the  regime  for  winch  oblique 
oa2oa—  oa3  ° 

shocks  exist  within  the  nozzle.  When  the  pressure  ratio  (P  /P  ).  is 

o  a  4 

reached  the  pressure  within  t he  flowing  fluid  at  the  nozzle  exit  (P  ) 

is  equal  to  the  ambient  pressure  (P  )  !°  w*'K’h  the  fluid  flows.  At  tins 

pressure  all  shocks  vanish  at  the  nozzle  exit.  Thus  (P  / P  < 

o  a  3  - 

(P  IP)  <  (P  IP  )„  is  the  regime  for  which  oblique  shocks  exist  at 

o  a  o  a  4 

the  nozzle  exit.  If  (P  IP  )  exceeds  {P  IP  ).  then  P  >  P  and  the 

oa  oa4  ex  a 

flow  is  called  underexpanded. 

The  flow  regime  of  interest  in  thts  investigation  is  that  for  which 
oblique  shocks  exist  in  the  flow.  The  formation  of  these  oblique 
shocks  is  associated  with  the  nozzle  boundary  layer'.  This  association 
is  demonstrated  with  schlieren  photographs  by  Shapiro  (22)  who  shows 
that  oblique  shocks  are  replaced  by  a  normal  shock  when  the  boundary 
layer  is  removed  by  suction. 

Some  characteristics  and  consequences  of  the  oblique  shock 
regime  follow.  The  flow  can  no  longer  be  approximated  h\  one  dimen¬ 
sional  equations  since  the  oblique  shocks  are  two  dimensional  .  The; 
oblique  shoc  ks  recompress  the  fluid,  reduce  the  speed,  and  redirt  m 
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the  fluid  particles.  The  redirection  causes  the  flow  to  separate  from 
the  nozzle  boundary  and  is  one  of  the  mechanisms  of  interest  in  this 
investigation . 

B.  Discussion  of  Phenomena  in  the  Oblique  Shock  Regime  and 
Considerations  of  Conditions  Necessary  for  Stable  Plow 

Two  phenomena  exhibited  by  the  supersonic  amplifier  are  of  pri¬ 
mary  importance: 

(1)  the  bistable  flow  for  certain  chamber  pressure  ranges,  and 

(2)  the  switching  of  the  power  flow  from  one  exit  to  the  other. 
Bistability  will  !  e  discussed  first  and  a  theory  described  by  which  it 
can  be  explained.  This  theory  applies  to  other  amplifiers  with  flow 
passages  similar  to  those  shown  in  Figure  II- 1  .  It  was  developed  by 
observing  the  shock  angles  and  free  stream  boundaries  in  high  speed 
schlieren  film,  analyzing  the  numerical  values  of  pressure  at  solid 
boundaries  in  the  vicinity  of  the  shocks,  and  utilizing  knowledge  of 
flow  separation  phenomena  desci  ibed  in  the  literature. 

Consider  figure  11-2  in  which  cp  is  defined  as  the  angle  included 
between  the  bottom  separation  shock  and  the  model  boundary,  and  P 
is  the  angle  between  the  bottom  free  stream  tet  boundary  and  the 
model  wall,  cp  and  6^  are  similarly  defined  for  ihe  upper  model 
boundary . 

In  Figure  11-2  all  the  power  fluid  is  leaving  the  model  from  the 
upper  exit  because  the  bottom  shock,  winch  begins  at  point  i  turns 
the  flow  which  would  otherwise  go  out  the  lower  exit.  When  the 
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amplifier  is  operating  in  the  bistable  regime  this  condition  will  con¬ 
tinue  to  exist  after  any  control  flow  or  restriction  which  forced  the 
power  flow  out  the  upper  channel  is  removed.  The  turning  shocks 
beginning  at  positions  i^.  and  1  are  stable  because  of  the  pressures 

maintained  by  s,.  and  s,,  respectively.  In  the  flow  situation  shown  in 
L1  B 

Figure  11-2  the  pressure  at  will  be  only  slightly  lower  than  the 
ambient  into  which  the  amplifier  is  exhausting.  This  is  because  the 
amplifier  outpet  legs  discharge  to  the  atmosphere  and  the  entrainment 
occurring  in  the  inactive  leg  causes  only  a  small  drop  below  ambient 
pressure . 

The  pressure  at  s  will  be  lower  than  the  pressure  at  s  This 
lower  pressure  exists  because  the  power  stream  at  position  i{l  has 
expanded  farther  than  at  1  and  the  shock  at  the  upper  boundary  is 
weaker  than  that  at  the  lower.  When  the  power  stream  almost  fills 
the  exit  channel  and  the  stream  remains  supersonic  past  the  splitter 
tip  then  the  outer  wall  region  between  s  ,  and  F  ex.  through  which 
flow  from  the  outside  atmosphere  can  occur  toward  position  s...  is 
very  small.  Fxperimentally  by  graphite  entrainment,  flow  toward 
position  s  has  been  observed  in  this  region.  'J  ins  Row  will  inc  rease 
the  pressure  maintained  at  position  s^,  and  is  detrimental  to  the 
bistable  condition.  The  low  pressure  region  at  s  ^ ,  can  also  be  de¬ 
stroyed  by  flow  from  s^  around  the  power  si  ream.  When  enough  How 
is  present  to  raise  the  pressure  at  s^.  to  approximately  the  same 
pressure  as  at  s^  trie  bistable  condition  will  cease  to  exist.  Thus 
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when  the  power  stream  fills  the  exit  channel  sufficiently  to  prevent 
How  from  the  ambient  and  from  around  the  power  let  to  point  s^., 
then  a  lower  pressure  is  maintained  at  s  than  at  Sj? .  The  absolute 
values  of  these  pressures  determine  where  the  respective  shocks 
intersect  the  model  boundary  and  the  angle  of  the  shocks  which  give 
the  power  fluid  us  direction  as  it  leaves  the  amplifier  nozzle. 

in  summary  a  list  of  necessary  conditions  lor  bistability  (for 
example,  all  power  flow  out  U-ex)  is: 

(1)  The  power  stream  must  separate  from  the  lower  model 
boundary  and  be  directed  upward  past  the  splitter  up  so  all  power 
flow  is  out  IJ -ex . 

(2)  To  change  the  direction  of  the  lower  boundary  streamline  as 
indicated  in  Figure  11-2  requires  a  shock. 

(3)  To  cause  the  separation  at  and  the  associated  shock, 
which  intersects  the  boundarv  at  i  and  redirects  the  flow  so  that  it 
lust  clears  the  splitter,  it  is  necessary  to  maintain  a  unique  pressuie 

value  at  s,,  for  each  P  . 

H  o 

tJ;  Lastly,  to  prevent  the  shock  angle  p  Irom  having  the  same 
magnitude  as  p^,  and  thereby  causing  similar  upper  and  lower  shocks, 
a  lower  pressure  must  be  maintained  at  s^.  If  the  magni'udes  of  p^ 
and  p  are  equal  then  the  power  jet  will  divide  equally  between  the 
exit  channels  of  this  amplifier.  To  maintain  the  low  pressure  winch 
exists  because  of  the  power  stream  overexpansion,  the  power  stream 
must  fill  the  amplifier  channel  at  section  s  -  s^  to  pi  event  fluid  at 


approximately  amlnent  piessutc  trom  flowing  around  the  stream  to 
s.,.  The  power  stream  must  also  fill  the  upper  exit  channel  and  thus 
restrict  flow  from  l'- ex  to  s  to  maintain  the  low  pressure  at  s^.. 

1  he  conditions  which  must  be  satisfied  in  order  to  maintain  sta¬ 
bility  have  been  descr  died  qual Mat ively  above  liquations  describing 
the  pressuie  ratios  which  must  be  maintained  to  satisfy  the  first  three 
conditions  will  nenv  be  detei  mined  Consider  f  igure  11-3  which  is  the 
assumed  flow  model  m  the  enmity  ol  separation.  Point  i  is  the 
position  immediately  toi lowing  the  shock  and  1  is  m  the  region  where 
the  tlow  velocities  arc  assumed  io  be  zero  in  the  x  diret  non  and  very 
small  m  i  he  v  d  i  reel  ion  . 

In  the  one  dimensional  computations  tot  nozzle  flow  all  tlow  up  to 
the  oblique  shock  is  usually  assumed  isen'ropn  In  reality  there  is 
always  a  boundary  layer  and  this  is  the  leason  tor  the  existence  oi  the 
oblique  shock  .  In  the  boundary  layt  r  the  vc  lot  i ty  of  'he  fluid  near  the 
wall  is  lc’ss  than  the  lice  stream  ve!o<  i'v  For  the1  present  case 
where  the  stream  is  overexpanded  (i.e  ,  the  exit  pressure  is  less 
than  atmospheric)  the  momentum  oi  the  iluid  near  the  wall  is  small 
and  the  velocities  are  subsonic  because  ot  tire  boundary  layer,  n  tan 
be  seen  that  the  higher  aunosplitr  u  pressure  will  i  a  use  an  adv<  r  se 
pressure  gradient  and  a  reverse  tlow  near  the  boundarv  at  the  exit 
Thus  the  velcn  ity  of  the  lor  ward  biuindaiv  layer  rb)\v  will  he  >i  io  ai 
some  place  upstream  o!  i  lie  e  x ,  i  Tin-  slowing  <>,'  uirse  par  in  les 

uiaxmiiiii,  a-  i  Ik  i  i  gum  where 


causes  a  pressure  r  ise  v.  bn  n  r  <  a  c  hi  s  a 


I 


Characteristic  Streamline 
in  Houndary  Layer 

Figure  II- 3.  Flow  Separation  Model 


The  assumptions  made  in  developing  the  bistable  flow  equations 


are; 


1  .  The  particles  in  the  \  icinity  of  f  are  essentially  at  rest  . 

2.  The  stagnation  process  from  region  s  to  f  occurs  lsentropu  ally 

3.  The  disturbance  created  in  the  vicinity  of  the  region  of  i,  s  and  i 
is  propagated  into  the  supersonic  flow  as  an  oblique  shock. 

4.  A  constant  stagnation  temperature  is  assumed  in  a  boundary 
layer  cross  section. 
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the  particles  are  essentially  stagnated.  This  stagnated  region  acts  as 
a  disturbance  in  the  flow  which  is  propagated  from  the  boundary  layer 
into  the  supersonic  stream  as  an  oblique  shock  wave  .  Following  the 
work  of  Arens  and  Spiegler  (12),  equations  will  be  derived  describing 
the  pressure  rise  in  the  boundary  layer  necessary  to  maintain  the 
oblique  shock . 

The  oblique  shock  wave  is  the  means  by  which  the  pressure  of 
the  stream  boundary  is  brought  up  to  the  pressure  of  s  .  As  a  good 
approximation  when  the  fluid  reaches  f  Die  pressure  can  be  taken  as 
ambient  pressure  when  the  output  legs  discharge  to  the  atmosphere  . 
When  a  supersonic  streamline  crosses  the  shock,  the  direction  of  the 
fluid  particles  will  be  changed  because  of  the  properties  of  the  oblique 
shock  shown  in  Section  I. 

By  definition  of  the  Mach  Number,  t he  ratio  between  any  two 
Mach  Numbers  can  be  expressed  as 


where  the  superscript  indicates  quantities  in  the  boundary  layer. 
Assuming  that  the  stagnation  temperature  across  the  boundary  layer 
is  constant,  then 


M 
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V  -V  1  ’  — 
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iquation  II- 1  can  be  solved  for  M  as  lollow's: 
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U 

_ i_ 

U 


M 

1 


Thus  if  the  relation  between  l1  and  U  is  known,  then  for  anv  free 

1  1 

stream  Mach  Number  M  ,  the  Mach  Number  M  mav  be  found.  The 

l  i 

velocity  and  Mach  Number  on  a  characteristic  streamline  within  the 
boundary  layer  are  important  parameters  in  the  following  theory  of 
separation.  Depending  upon  how  this  streamline  is  chosen  it  is  appar¬ 
ent  that  U.  could  have  anv  value  between  the  free  stream  velocity  and 

l 

zero.  Gadd  (li)  shows  that  when  a  characteristic  streamline  is  chosen 

>»* 

such  that  U.  /U  =  0.6  the  results  of  the  separation  theory  correspond 

well  with  experimental  results  for  free  stream  Mach  Numbers  up  to 

and  in  the  neighborhood  of  M  =  4.  Assuming  that  this  relation  holds 

approximately  between  Ai^  4  and  M.  =  5,  M.  can  be  calculated  from 

equation  II- 2.  When  the  magnitude  of  AT  is  calculated  using  these 

assumptions,  it  appears  from  the  data  taken  from  the  present  study 

that  the  characteristic  streamline  crosses  a  normal  shock  in  going 

from  region  i  to  s  for  values  of  M  between  four  and  five.  As  AT 

decreases  there  will  be  some  value  of  M.  for  which  M.  -  1  .  Tor  anv 

i  i 

M ^  <  1,  the  particles  flowing  along  the  characteristic  streamline  will 
be  assumed  to  be  brought  to  the  essentially  stagnation  pressures  of 
region  f  lsentropically . 

Assuming  that  the  fluid  particles  which  have  crossed  the  normal 
shock  are  then  brought  to  the  pressure  of  the  stagnation  region  f 
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isentropically,  one  equation  may  be  developed  to  describe  the  pres  ¬ 
sure  rise  between  region  i  and  f.  With  these  assumptions  then  we  may 

write  the  pressure  ratio  P,/P  as 

f  1 


P,  P,  P  . 

_ f  t.  s 

p  r  p 

1  S  1 


Prom  Figure  11-3  we  can  see  that  P  /P  is  the  pressure  rise  due 

to  the  iscntroptc  velocity  reduction  of  the  particles  flowing  along  tl.e 

characteristic  streamline  and  P  /P  is  t he*  rise  due  to  the  normal 

s  1 

shock.  These  ratios  are 


k  -  l  ■  1 
1  -»  ~  M  " 


Since  it  is  more  convenient  to  deal  with  the  final  equations  m 
terms  of  M  ,  the  inviseid  free  stream  Mach  Number,  equation  11-2 
will  be  used  to  eliminate  M  from  equations  11-4  and  11-  j.  liquation 
1-7,  the  relation  between  Mach  Numbers  across  a  normal  shock,  will 
be  utilized  m  expressing  M ^  in  lerms  of  M  .  !.quauoiis  II  4  and  !  i  - . i 
can  then  be  expressed  m  terms  of  and  comlnued  to  give  tin-  pres 


sure  ratio  as, 


30 


pf . 

i\r  4 

i  "  _ 

k 

k- 1 

r 

1 

.  . 

/ 

r 

‘3  1 

*| 

k  -  1  '3 

1  -*  — —  <1-1.1  M 

2  '  i 

l 

k-  \\ 
1J 

11 

r 

-6  ! 

where  4  -  V  '7  U 

i  i 

.  liquation  IPG  was  dei 

uved 

by  Arens  and  Spmgler 

(2),  as  was  an  equation  for  which  the  assumed  velocity  along  the 
characteristic  streamline  was  subsonic  and  thus  the  complete  com¬ 
pression  to  P  was  an  isentropie  process,  liquation  11-6  accounts  for 
both  normal  shock  compression  and  the  subsequent  compression  after 
the  particles  flowing  along  the  characteristic  streamline  have  crossed 
the  normal  shock  indicated  in  Figure  11-3.  If  M  -  1,  equation  II  - 

reduces  to  P  /p  -  1  and  the  ratio  P./P  is  achieved  through  an  isen- 
s  i  f  1 

tropic  process.  Thus  equation  11-15  predicts  the  appioximate  pressure 
r  atio  to  stagnate  the  particles  flowing  along  the  characteristic  stream¬ 
line  whether  they  cross  a  shock  or  not. 

In  the  lnviscid  free  stream  the  flow  is  primarily  isentropie. 

Until  tne  cross-section  at  i  is  reached,  the  .Mach  Number  is  given  by 
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With  equations  II  (i  and  11-7  it  is  possible  to  write  a  computer  program 

bv  which  values  of  P  „/P  and  M  may  be  calculated  for  a  given  P  /P  . 

f  1  i  o  a 

Results  of  these  computations  are  presented  in  graphical  form  m 
seel  ion  III. 

Wher.  M  is  known,  then  1  he  area  ratio  A  / A  niav  be  calculated 
i  i  t 

for  the  separation  position  by  the  following  equation. 


a  r 

i  i  i 


A  M  k 

t  i  ' 


1  <  ^  M* 


k  1  1 

hfk-i) 


\'alues  of  the  oblique  shock  angle  cp  ard  the  free  stream  boundary  are 
also  calculated  from  equations  I-  13  and  1-  If1.  These  calculations  are 
penormed  in  the  free  stream  flow  where  the  disturbance  in  the 
boundary  layer  has  caused  the  oblique  shock  to  be  propagated.  1  he 
v  alue  of  the  oblique  shock  angle  cp  is  determined  by  the  pressure  lump 
across  the  shock  and  the  Mach  Number  before  crossing  the  shock.  As 
the  pressure  P  is  increased  or  decreased  it  can  be  seen  'ha1  cp  will 
also  increase  or  decrease  m  a  similar  manner.  It  will  he  sKiwn  m 
Sec'  ion  111  that  the  experimental  relation  between  cp  and  'he  coiiuol 
pressure  is  similar  to  that  indicated  by  the  above  equations.  1'  is 
assumed  that  an  artificial  ambient  in  the  vicinity  of  the  control  poi  1 
which  causes  P  is  approximately  equal  io  the  con'rol  press  me  Cal 

culated  values  of  cp  are  compared  to  expo  imcntal  values  o!  cp  when 
ever  possible  in  section  111. 


C.  Discussion  of  Switching  Theory  and  Derivation  ol  an  (Equation 
for  Switching  Time 

Since  the  basic  purpose  of  the  bistable  fluid  amplifier  is  to  obtain 
a  fluid  flow  from  one  of  two  exits,  then  there  must  lie  some  means  of 
switching  the  power  fluid  from  a  stable  flow  configuration  out  one  exit 
to  the  second  exit.  This  switching  is  the  second  important  phenom¬ 
enon  in  bistable  fluid  amplification,  and  is  accomplished  by  a  secon¬ 
dary  fit-id  flow  called  the  control  flow  or  control  signal.  The  following 
development  discusses  the  variables  which  affect  the  power  stream's 
,  osition  and  their  relation  to  the  time  involved  in  switching. 

Consider  Figure  11-4.  A  control  volume  is  shown  enclosed  with 
dashed  lines  .  The  control  volume  is  chosen  such  that  the  _,nt 
boundary  is  the  plane  which  passes  through  the  surface  connecting  the 
downstream  control  port  boundaries,  and  the  o  r  boundaries  are 
the  diverging  walls  of  the  expansion  nozzle.  Lines  1  and  1'  which 
diverge  from  the  model's  lower  and  upper  boundaries  by  <p  arid  cp 
respect  lively  represent  the  lower  and  upper  projections  ot  the  contin¬ 
uous  shock  surface  between  1  and  1'  .  The  shock  occurs  all  around 
the  pov/er  jet  in  the  manner  of  a  warped  conical'  shock.  The  line 
indicated  by  5  represents  the  intersection  of  the  conical  shock  with 
Hu-  nozzle.  The  lines  indicated  by  2  and  2'  are  the  lower  and  upper 
projoctio:  -i  of  the  "warped  conical  '  free  stream  boundary  which 
diver:"-  from  the  lower  and  upper  model  boundaries  by  S  and  6  j. 
rt  Tjx-ct ively  .  The  upper  and  lower  control  port  entrances  into  the 


Figure  11-4  .  The  Control  Volume  With  Pressures,  Shocks  and 
Free  Stream  Boundaries  Indicated. 


control  volume  are  located  at  U-c  and  B-e  respectively.  The  appro 
priate  pressures  acting  on  the  boundaries  are  also  shown. 

Tins  control  volume  was  »  hosen  because,  included  within  it  and 
on  its  boundaries  are  the  total  causes  of  switching  and  the  boundary 
conditions  can  Be  approximated  by  reasonable  assumptions.  We  will 
assume  that  the  cfiambei  pressure  is  high  enough  so  that  s  he  cunt  ini 
port  cross -sect  ion  downs?:  eau;  oi  the  puwc  •  jet  separation  is  esse  n 
iially  still  filled  bv  the  power  jet  B  m  also  as-umetl  tba'  it;r  pow:  t 
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jet  tills  the  uppo  i'  exhaust  c  liannel,  ioi  tin-  emit  igut  at  urn  shown  in 
Figure  1 1  -  *1  .  When  the  power  pet  tills  the  time  (hannel  between  the 
control  ports  l’:  -  c  and  Hi  then  a  low  pi  ess. ir  e  1  eg  ion  will  exist  m  the 
vicinity  of  h-c  because  ot  the  powei  sit  earn  ovei  expansion .  The 
supersonic  How  effectively  isolates  region  b-c  from  high  pressure 
sources  that  would  ra.se  tiic  pressuieol  h-c  bei  ause  lluid  i  anriot 
flow  around  t lie  power  stream  to  ti-c  and  pressure  waves  cannot  reach 
i:-c,  from  or  downstream  of  ll-e  .  across  the  supersonic  stream 
Thus  unless  this  steady  power  fluid  llow  situation  is  disturbed  by  a 
control  signal  tlow  trom  port  l  -c  the  low  pressure  at  region  h-c  will 
not  change.  With  these  conditions,  the  assumption  that  the  actual 
switching  phenomenon  is  governed  by  occuircm  es  in  and  on  the 
boundary  of  the  control  volume  is  justified  try  tin  following  argument  . 

1:  the  pressure  ratio  I’^/'l’  is  high  enough  to  cause  unseparated 
supersonic  flow  to  the  cross  -  sec  t  ion  indicated  by  1  ine  QV),  then  sell  heron 
photographs  indicate  that  super  sonii  velocities  wi!  continue  to  the 
spinier  tip  li  shown  ir,  f  igure  II  1.  Then  the  flow  conditions  at  the 
control  volume  exit  will  only  be  affected  fry  <  lianges  in  the  oblique 
shocks  and  these  are  considered  adequately  in  the  contiol  volume. 

The  contiol  volume  oi  f  igure  11-4  is  shown  iot  the  case  where 
the  power  lluid  is  diverted  oui  the  upper  exhaust  channel  The 
chamber  pressure  ;s  a  value  loi  which  tile  tlov.  is  stable  anti  the 
cond  H  ioiio  shown  a;i  'hose  ninth  apply  mst  Iciom  i  be  power  lluid  is 
to  be  diver',  ci  to  1 1 . < -  lowei  .  hannel  l.v  an  ni|i  .  lmn  of  connol  flow  a1 
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U-c:.  These  conditions  can  he  iicki  tinned  by  using  an  isentiopic.  one 
dimensional  analysis  lo;  the  mvisind  Irct  stieam  tlow  anti  the  bi¬ 
stable  analysis  lo*  the  boundat  v  lavei  -  shot  k  interaction  presented 
here  in  . 

When  mice  lion  is  lost  h< gun  at  1  -»  the  llou  separates  near  the 
control  port.  As  the  toniiol  pressure  1’  in-  teases  the  shock 
angle  cp  increases  Tnt  intiia-'e  in  pressure  in  this  region  causes 
tlx  uppi  1  tret  stream  bounaar  y  to  he  d<  ilettici  'ouaro  tin  splitter 
up.  Condition;'  required  bv  the  steau*  s'au  hot  k  -  boundat  y  layer 
interaction  analysis  show  that  the  point  <o(  inter se,  non  ot  the  tree 
stream  boundary  well  l  he  nozzle  boundary  will  move  toward  the  nozzle 
throat.  Now  if  the  contiol  pressurr  in  ’),<  I  t  region  is  increased 
only  to  tlit  pressute  wlmh  <  xists  Ik  twee  n  sir*  aniline  and  the  lower 
boundary  and  :!  the  •. qua!  pr  essur  to  on  the  top  and  hottorn  or  the  |et 
are  maintained,  a  symmetrical  tlow  separation  will  occur  with 
refu!  t  mg  fl  u  itt  t  h»v.  i  r  om  both  t  x  P  s  !:  n,t  nppt  i  lor.tro!  picssure  is 
inc  t  eased  slightly  above  tins  amtiien1  p>  es.-u: «  an  nwni  u  u  a!  >■  p 
a  r  at  ion  will  oi  i  nr  with  resulting  ilum  t  low  iron:  hotli  exits  It  t  he 
uppt  r  control  pressure  is  im  r casco  -lightly  above  tins  <itnhit  nt 
pressure  an  asy  mmt  1 1  u  al  st  par  ation  w  il !  b<  >  natet  it  ih<  higher 
p r  vssur  e  ll  u  i  d  a :  t  i  t  arinot  !  i.  .w  Sr  norm  1 1,<  putu  r  .-tieaininihe 
positron  15  t  T  h  i  s  as  v  mn  it  i  r  n  i  >a  •  a 1  n  a  *  u  1 1  i  i  a  in  <  :  ■  .o  * «  than 

hall  o!  the  pot*  i  i  stn  riii:  tii  lit  iiivci  h  it  i  n : '  i  :  i  ii  lover  i  *  m  t  •.  harmi  1 


When  the  control  oressure  at  l’-i  is  large  enough  to  divert  a  sul- 
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ficient  quantity  of  power  fluid  into  the  lower  channel  so  that  the  exit 
flow  begins  to  restrict  the  reverse  atmospheric  tlow  lrom  H-ex  to 
H  e.  ilien  the  pressure  in  t lie  legion  H-e  will  begin  to  decrease, 
leading  to  a  decrease  in  the  lower  shock  strength,  and  the  power 
stream  will  complete  its  switch  to  the  bottom  exit  channel  To 
achieve  the  asymmetrical  separation  the  pressure  to  which  the  conical 
expansion  nozzle  tlows  at  the  upper  boundary  must  he  greatei  than  tiie 
pressure  at  the  lower  boundary.  This  higher  pressure  is  achieved 
with  the  control  signal.  Once  the  power  stream  tills  trie  lower  channel 
then  the  pressure  exposed  to  the  upper  portion  of  the  1  e t  by  entiain- 
ment  from  the  atmosphere  into  the  mixing  region  is  enough  greater 
than  the  low  pressure  near  the  lower  wall  that  the  control  flow  is  no 
longer  needed  to  hold  the  |et  in  a  stable  position 

We  wish  to  determine  the  variables  which  atfect  the  mechanics  of 
switching  and  their  relation  to  the  switching  lime.  .Since  switching  is 
an  unsteady  process  which  involves  pressure  forces  and  momentum 
change,  we  introduce  the  unsteady  momentum  equation  applicable  to  a 
control  volume  . 


Specializing  equation  1 1  - !  >  ioi  the-  y  direction,  we  obtain: 


3? 


where  u;  ik  the  mass  rate  of  flow. 

In  applying  equation  11-10  to  the  control  volume  it  is  advantageous 
to  first  consider  Figure  11-4.  The  llow  to  the  plane  indicated  by  line 
©  is  steady  lor  any  model  if  P^/P^.  is  constant.  Plane^t^is  the 
c  ross  -  sect  ion  passing  through  the  farthest  upstream  point  ot  the 


warped  conical'  shock.  Consider  Figure  11  5(a),  which  is  an 


enlarged  view  of  the  control  volume  included  between  plant  and  the 
control  volume  downsti  cam  exit  surface,  plane  (T).  The  reduced 
control  volume  shown  as  regions  R  ,  H.;  and  R.^  are  enclosed  by  the 
surfaces  S. ,  S. ,  8  ,  S.,  and  S„  .  These  surfaces  ate  c ounce  fed  as 
shown  m  Figure  I]-o(l>).  Regions  R  ^ ,  R,r  and  R,^  ai  e  anular  regions 
which  are  defined  as  the  undeflected,  deflected  and  mixing  regions 
respectively .  Surfaces  S  ,  S0,  and  S  arc  the  exit  surtaxes  associ¬ 


ated  with  regions  R  ^ ,  R->(  and  R^  .  These  sui  laces  are 


snown  msiui 


their  boundaries  in  Figure  11- 5(b).  This  view  ot  the  nozzle  lllust i  ate» 
how  the  regions  and  surfaces  ate  connected 

Surface  S.  is  the  protection  of  t hi*  strong  portion  ot  the  al 

u 

shock  when  the  flow  is  all  out  either  the  top  or  bottom  exit  The 
lines  1  and  1'  are  projections  of  the  suong  and  weak  |>ortions  respec  - 
tively,  of  the  '  warped  conn  al  shock  snown  m  a  general  position 
Note  that  when  the-  power  fluid  flows  out  one  exit,  i  <  .  the  upper  e  xit 

then  a  strong  and  weak  shock  exist  at  the  upper  ami  lower  no/./h  (mi 
boundaries  respectively,  and  vice-vcrsa  lor  all  ;low  out  the  louei 


e  xii . 


Jo  get  a  time  for  switching  from  one  channel  to  the  olhei  ,  one  can 
integrate  equation  II-  10  with  respect  to  time.  Integrating  from  the 
beginning  to  the  end  of  t fie  power  stream  switch,  t  to  gives, 


1 
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It  will  be  assumed  that  the  same  mechanics  ate  involved  at  the 
upper  flow  boundary  when  the  power  stream  switches  from  the  upper 
to  lower  exit  as  occurs  at  the  lower  when  the  power  stteam  swiu  lies 
from  lower  to  upper.  L’quatior,  11-11  will  the  i  chore  be  applied  to  the 
switching  phenomena  with  the  power  stream  initially  going  out  the 
upper  exit.  When  t ho  flow  switches  from  the  upper  to  lower  exit  the 
"warped  conical'  shock  translates  and  rotates  until  r  is  the  pro 
portion  of  the  strong  shock  and  1  is  the*  weak  shock 

Inequation  11-11  terms  f  1  (.  f2),  ( 3  ]  and|-l|  will  he  designated 
as  1  .  l.},  and  1^  .  Considering  I }  first  n  may  be  c-xpiessed  as: 


where  the*  volume  indicated  lay  K  is  shown  by  i;  }  and  If  ,  Kegion 

K  is  defined  in  this  manner  because  each  in-dr.  i  dual  volume  will  In 
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considered  individually  when  equation  1111  is  applied. 

Consider  term  [1]  of  equal  ion  11-  11  .  There  are  pressure  forces 

acting  on  the  surfaces  of  the  control  volume  and  these  include  ton  es 

due  to  the  control  signal.  Consider  regions  Rj,  and  H  oj  Figure  1 1  -  f> 

and  it  is  evident  that  the  forces  acting  on  the  surface  ...  and  S„  , 

h  5 -  F  5-H 

cancel  because  of  the  axial  symmetry  of  the  undisturbed  supersonic 
flow  m  the  nozzle.  The  vertical  forces  on  surfaces  S  S,,  and  S  are 
zero.  During  switching  the  surface  pressure’s  on  S  and  S  aie 
continuously  changing.  This  is  due  to  the  translation  and  rotation  ol 
the  upper  and  lower  shocks  and  the  changing  conit  ol  pressure. 
Although  the  forces  produced  by  these  pressures  are  oppositely 
directed  on  the  control  volume,  the  integral  of  their  magnitudes  may 
no;  cancel  during  the  switching  tune. 

The  forces  F^ft)  produced  by  the  control  signals  in  general  may 
vary  with  time  as  indicated  schematically  in  Figure  ll-(i.  1'he  force 
resulting  from  the  control  signal  can  be  divided  into  tlnee  legumes. 


-1 1 


!!h-  Ilf!  control,  control  signal  building,  and  the  lull  or  final  control 
signal.  When  t  <  r  _  then  equation  11- l  1  Inn  onus- 


L?  dt 


o  v(v  n)ds  I  di 


which  is  the  equation  lot  steady  llow  s.iue  the  sire 


am  inoine.  in  and 


forces  are  not  chan 


gmg  with  res|»‘(  :  to  tune  .  When  t  <.  i  <  t 


F  dt 
c 


Hi)  dt 


where  t(r  )  is  the  Junction  which  deso  ibes  the  inanm-t  m  v  <  |, 
control  signal  builds,  For  t  <  i  <  j  (>hcn 
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AM,  i 


ii  -ir.(b) 


[j in 

K-l  l\  1> 


Li  -  16(c) 


\  (V^r 


11- 16(d) 


provide1  a  re'.at  lomshtn  liflttcni  <  and  the  pressure  1’  The  variable  t 
is  defined  i n  Figure  Il-V  Integrals  over  S.  and  S„  ^  cancel  if  the 
model  is  symmetrical  snue  the  t  cr  'u  a!  velocity  components  are  equal 
but  opposite  . 

The  last  manne  r  in  whul-  momentum  llux  can  cross  the  surfaces 
into  the  control  volume  is  across  S„  Across  and  ^  there  is 

flux  both  in  and  out  of  the  region  bec  ause  ot  entrainment  from  ambient 
into  the  so  called  mixing  region  As  shown  in  l  igute  II  3 .  tnere  is 
momentum  flux  into  the  legion  irom  the  atmosphere.  Thus  mass 
must  also  leave,  so  the  atmospheric  (low  enters  and  leaves 
between  the  free  stream  boundary  and  model  boundary.  The  total 
momentum  flux  into  the  mixing  region  is  then 


'<-•  J.  Js 

J  1  L  J  3  H 


Y  V  ds  dt 
v  n  i  n 
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Tins  mixing  is  difficult  to  define  explicitly  and  simplifying  assumptions 
will  be  made  in  dealing  with  it  . 

Term  [3|  will  now  be  considered  in  relation  to  the  surfaces  S  , 

S-,  S_.  S.  and  S,  .  Tliere  is  no  momentum  ilux  out  of  surfaces  S„  or 
2  3  4  a  o 

.  The  integrals  1^  lor  these  surfaces  thus  are  zero.  The  momentum 
flux  out  R^  through  and  R  through  is  between  the  free  stream 
boundary  and  model  boundary  and  is  given  by. 


11-18 


This  integral  is  due  to  the  second  portion  of  the  mixing  region 

Integrals  I  and  I  over  surface  S  is  the  iniegial  of  momentum  flux 
*5  *  o 

due  to  the  reverse  flow  from  the  atmosphere  and  some  small  portion 
of  the  power  fluid  from  the  boundary  layer  mixing  and  flowing  out  of 
region  R  together.  I'oi  surface  S  and  S,  teim  |3|  is. 

O  v.  '  I)  —  "  \ 


which  is  t lie  Mux  out  ol  the  control  volume  alici  iiossing  'he-  shocks 
1  and  1 1  . 

Koi  surface  S  ^  and  S ^  leini  j3j  is 
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When  shock  1  iotau.s  toward  the  lower  boundary  a  portion  of  the  lower 
control  volume  will  contain  fluid  which  has  not  crossed  the  lower 
shock  .  This  is  easy  to  observe  when  the  apparent  shocks  are  in  the 
intermediate  position  shown  in  Figure  1 1  -  5  .  The  integral  of  momen¬ 
tum  flux  over  surfaces  ^  ^  and  in  equation  11-20  include  all  the 

flux  leaving  the  control  volume  exit  which  doesn't  cross  the  apparent 
shocks . 

Time  has  been  designated  as  the  beginning  of  the  switching 
phenomenon.  Between  times  tj  and  t^  the  shock  angles  <p^  and  tp  ^ 
are  changing.  Consider  the  integrals  over  S  ,  S  and  S  It  can  be 
seen  that  the  values  of  the  integrands  of  these  integrals  vary  with 
time  because  of  the  movement  of  the  shocks  through  the  control 
volume  . 

The  control  volume  is  determined  bv  P  /  and  K  according  to 

o  1 

the  location  of  the  shocks  as  given  by  equation  11-6,  11-8  and  II- 16(d). 
When  the  control  volume  is  determined  computations  can  be  per¬ 
formed  to  find  the  switching  time  of  the  power  fluid  from 
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11-21 


[7] 

The  numbered  terms  are  those  developed  previously  and  are  defined 
as:  [1]  the  forces  acting  on  the  control  volume  in  the  y  direction,  |2J 
the  change  of  momentum  within  the  control  volume  from  lie  initial  to 
final  How  configurations,  f3J  induced  influx  of  momen'um  across  sur 
faces  S„.  [4]  primary  influx  of  momentum  due  to  the  power  fluid  and 
control  fluid,  (5]  the  efflux  of  entrained  fluid  and  a  small  portion  of 
the  power  fluid,  [6]  power  fluid  efflux  whose  direction  has  been 
changed  by  the  shock  system,  and  [ 7 j  power  fluid  efflux  whose  direc¬ 
tion  is  not  changed  in  the  control  volume. 

liquation  11-21  is  derived  in  a  general  form  and  may  he  used  u. 
calculate  switching  times  in  different  amplifiers  ot  a  similar  geometi  v 


dt 


48 


In  applying  the  equation  each  term  must  be  evaluated  for  the  partic¬ 
ular  model  under  consideration. 

In  solving  this  equation  for  a  switching  time  it  may  be  noted  that 
when  the  shocks  have  reached  a  steady  state  position  the  power  stream 
has  switched.  Thus  if  one  knew  the  time  required  for  the  shocks  to 
assume  their  final  position  one  would  have  the  switching  time.  The 
time  At  does  not  appear  explicitly  in  equation  11-21  therefore  a  numer¬ 
ical  scheme  of  computation  utilizing  a  computer  is,  in  general, 
necessary  to  obtain  a  solution  for  At. 


III.  Description  of  Experimental  Apparatus  and  Methods 

A,  Apparatus  Description,  Theory  and  Arrangement 

As  mentioned  in  Section  I  the  purpose  of  the  experiments  was  to 
provide  qualitative  and  quantitative  information  so  that  insight  into  the 
mechanics  of  amplifier  operation  could  be  gained.  To  obtain  this  in¬ 
formation  two  separate  data  recording  systems  were  utilized  for  most 
of  the  tests  described  in  this  section.  The  first  of  these  consisted  of 
a  schlieren  system  and  a  high  speed  camera  which  recorded  ihe  shock 
system  within  the  flow  photographically.  The  second  data  recording 
system  consisted  of  pressure  transducers,  amplifiers  and  an  oscillo¬ 
graph  which  recorded  various  pressures  of  importance  within  the 
amplifier.  These  data  recording  systems,  in  some  instances, 
furnished  information  regarding  the  same  phenomenon  in  two  com¬ 
pletely  different  mariners.  For  example,  from  observing  the  high 
speed  schlieren  film  it  can  be  determined  when  control  flow  is  being 
supplied  at  a  particular  port  and  also  by  which  exit  the  power  fluid 
leaves  the  amplifier.  This  information  can  also  be  obtained  by 
observing  the  values  of  pressure  recorded  at  the  control  ports  and 
exit  channels  . 

The  power  fluid  was  either  nitrogen,  supplied  through  a  manifold 
and  pressure  reducing  valves  from  standard  storage  bottles,  or 

4P 


hydrazine,  supplied  from  a  hot  gas  generator.  1'he  nitrogen  bottle 
reservoir  was  located  outside  the  test  bay  which  housed  the  equipment 
shown  in  Figure  111-  1  .  The  hydrazine  generator  was  located  inside 
the  test  bay  close  to  t Ho  model. 

The  sehlieren  photographs  were  obtained  utilizing  a  six  inch 
schliercn  system  manufactured  by  the  Aerolab  Supply  Company  m' 
Hyattsville,  Md  .  The  components  used  in  ttiese  experiments  can  be 
identified  in  Figure  1II-1  as  the  light  source,  two  mirrors  and  knife 
edge.  This  sehlieren  system  and  a  llycam  high  speed  camera  were 
used  to  record  the  shocks  and  flow  system  in  the  amplifier.  The  light 
was  supplied  as  a  line  source,  and  diverged  to  completely  cover  the 
first  mirror  which  had  a  large  radius  of  curvature.  The  light  source 
was  placed  at  the  focal  point  of  the  first  mirror  so  that  the  reflected 
light  rays  leaving  the  mirror  were  parallel.  The  reflecting  surface 
of  the  second  mirror  was  ]ust  covered  by  the  light  received  from  the 
first  mirror  since  the  rays  leaving  the  first  mirror  were  parallel. 

The  second  mirror  focused  the  light  and  reproduced  the  light  source 
image  at  the  knife  edge  which  was  arranged  parallel  to  the  image  and 
then  adjusted  to  intercept  approximately  one  half  the  light  .  Across  the 
knife  edge  the  light  column  diverged.  The  location  of  the  camera  was 
adjusted  such  that  the  image  projected  on  the  film  would  just  cover 
the  film  Thus  the  six  inches  shown  between  the  knife  edge  and  cam 


era  would  be  different  for  different  cameras. 
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Care  was  taken  lo  align  the  model  and  light  system  such  that  the 
model's  test  section  lay  in  the  xy  plane  and  the  light  coming  from  the 
first  mirror  was  perpendicular  to  the  x  v  plane.  The  angle's  e  ^  and 
o  were  kept  less  than  lo1’.  The  liglit  source  and  knife  edge  were 
located  on  opposite  sides  ol  the  parallel  "light  to  reduce  asymmetry  ol 
the  image  ( 1  !)) . 

The  sehlieren  system  makes  densUy  gradients  visible  in  terms  of 
intensity  of  illumination.  A  light  ray  passing  through  a  How  lield  will 
be  deflected  it  there  is  a  density  gradient  normal  to  the  light  path. 

This  deflected  ray  may  either  pass  or  be  intercepted  by  the  knife 
edge,  which  thus  determines  il  the  illumination  is  inc  reased  or  de¬ 
creased  at  the  position  on  the  screen  which  this  rav  should  illuminate. 
Consider  Figure  1 1 1  - 2(a)  where  the  gas  flow  is  two  dimensional  and  the 
circle  with  a  dot  indicates  that  the  lighl  is  coming  out  ol  the  page  as 
it  leaves  the  test  section.  Now  if  there  is  a  density  gradient  in  the  v 
direction  in  the  vicinity  of  the  l  ay  it  will  be  deflected  up  or  down 
depending  on  the  giadiein.  The  boundary  lave  i  could  be  distinguished 
from  the  supei  sonic  flow  field,  (or  example.  Il  a  noi  mal  shock 
exists  as  shown,  and  since  there  is  a  large  gradient  across  i‘,  the 
light  rays  passing  through  it  will  receive  a  A6  dellection  in  the 
vicinity  ot  the  shock  wave.  The  gradients  observed  depend  on  the 
orientation  of  the  knife  edge  If  ihe  knife  edge  is  located  along  the  x 
axis  then  light  rays  given  a  A6  dellection  aic  passed  or  intercepted 
according  to  whether  ^5^  ,s  positive  or  negative. 
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ll  was  manufactured  by  Red  Rake  1  .abor  ami  les  at  oanta  Clara.  Cali¬ 
fornia.  A  Milli  Mite  Signal  Generator  was  used  in  coniunctiou  with 
the  camera  to  determine  the  speed  with  which  the  event  occurs  to  an 
accuracy  of  5"o . 
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Figure  111-3.  electrical  Circuit  of  Camera  and  Timing  Signal. 

A  diagram  of  the  electrical  wiring  connected  with  the  camera, 
Milli  Mite  signal  generator  and  oscillograph  recorder  is  shown  in 
Figure  III- 3.  With  tins  arrangement  the  camera  and  ■  scillograph 
recorder  both  experienced  the  results  of  the  electrical  signal  pro¬ 
duced  by  the  signal  generator,  ai  the  name  time.  The  signal  pro¬ 
duced  reached  a  maximum  voltage  at  the  rate  of  one  thousand  times 
per  second  A  small  lighi  bulb  in  the  came  ia  was  energized  by  this 
signs’ .  The  bulb  was  positioned  such  that  some  ol  the  film  frames, 
which  arc-  re  cording  the  event  taking  place 


have  a  small  a  i  e  a 


exposec.  to  'ho  light  from  the  Lulb  .  The  number  of  n  ames  exposed  to 
the  signal  depends  on  the  film  speed  in  the  i_amera  . 

The  signal  which  energised  the  bulb  was  also  utilized  m  actuating 
a  galvanometer  in  the  oscillograph.  Actuating  Ihe  galvanometer 
caused  "pips"  to  be  produced  on  the  oscillograph  paper  on  which  the 
pressme  time  record  was  being  recorded.  The  parallel  wiring 
system  shown  in  Figure  III- 3  made  it  possible  to  use  the  same  voltage 
signal  to  energize  both  timing  light  and  galvanometer 

As  shown  in  Figure  III -3  the  elect  t  u  al  power  to  the  signal  gener¬ 
ator  was  controlled  by  a  nncroswitch  inside  the  camera.  The  micro 
switch  closed  after  one  hundred  feet  ol  a  two  hundred  loot  toll  ol  film 
had  been  used.  The  signal  generator  was  then  energized  and  began 
to  produce  me  signal  which  energized  the  timing  light  and  galvano¬ 
meter.  In  practice  this  arrangement  sent  a  strong  signal  to  the 
oscillograph  recorder,  which  needed  very  little  power  to  operate-  the 
galvanometer  producing  the  "pips"  on  ihe  os<  illograph  paper  .  The 
signal  to  the  camera  was  not  strong  enough,  immediately  site  i  the 
generator  began  operation,  to  energize  the  timing  lighi  bull).  A 
better  wiring  arrangement  might  have  been  one  which  sent  the-  output 
of  the  generator  thi  ougli  the-  <  amci  a  micro  sw  in  h  beloi  e  the  i  a  met  a 
was  turned  on.  This  would  have  allowed  the  ge  ne  r  atoi  to  v.aim  up  so 
that  its  maximum  output  could  be  delivered  when  the  swiuh  was 


closed 
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Since  timing  marks  were  not  distinguishable  on  the  film  a  porlion 
of  the  film  at  a  known  frame  rate  was  used  to  obtain  shock  angles 
during  the  switching  process.  This  lilm  strip  was  determined  ltoni  a 
speed  vs  time  calibration  graph.  All  the  high  speed  test  film  was  run 
with  the  camera  controls  set  at  an  indicated  5000  frames/ second  A 
calibration  curve  was  obtained  from  film  that  had  been  mn  at  this 
camera  setting  and  also  had  the  timing  light  marks.  This  curve 
indicates  that  approximately  fifty  feet  of  a  200  foot  roll  of  film  ran  at 
the  constant  speed  of  5000  frames  per  second  This  section  of  the 
two  hundred  foot  roll  of  film  was  used  to  obtain  the  shock-angle  vs 
time  curves  of  Section  IV. 

To  observe  the  developed  film,  a  1C  mm  proim  tor  was  used 
The  projector  could  be  operated  at  the  standard  speed  ol  .12  frames/ 
second  or  the  film  could  be  advanced  frame  by  frame.  To  obtain  data 
such  as  shock  angles,  free  stream  boundai  les.  separation  position 
and  the  intersection  of  free  stream  boundaries  with  shocks,  the  film 
was  vewed  frame  by  frame.  These  values  we  it-  munied  tor  all  the 
srhiieren  c inematographpc  data  obtained,  and  are  presented  graphi¬ 
cally  when  possible  in  the  experimental  results  section. 

Shocks  and  free  stream  boundaries  were  very  faint  in  some  <  ases 
when  hydrazine  was  the  power  gas.  The  gas  was  vets  ho'  and  m  the 
small  test  room  the  accumulated  gases  and  induced  density  gradients 
on  the  outside  of  the-  moded  rctJured  the-  visibility  ot  phenomena  w-rm  h 
were  occurring  m  the  model.  Since-  personnel  <  cnilo  no'  be.-  in  ibe- 


57 


vicinity  of  a  hot  gas  test,  the  knife  edge  could  not  he  auiusted  during 
the  test  to  improve  the  initial  setting.  The  pressure  recording  system 
began  with  pressure  pickup,  using  Consolidated  Clectrodynamic  s 
Corporation  (CKO  pressure  transducers.  The  electrical  signal 
generated  was  then  amplified  with  a  carrier  amplifier  to  the  desired 
value.  This  signal  was  then  applied  to  a  galvanometer  which  rotated 
according  to  the  applied  voltage,  A  small  mirror  directed  a  high 
intensity  light  onto  light  sensitive  p<  er  ,  This  paper  was  driven  at  a 
constant  speed  so  that  a  pressure-time  curve  was  obtained 

Table  1 1 1  - 1  gives  the  type  and  important  characteristics  of  the 
equipment  used  in  the  pressure  recording  system. 


Table  III-l  1'ype  Pressure  Recording  Kquipmen'  employed 


Range 

Nano  al 

Per  cent 

(psd 

Frequent  y  <  <  ps) 

Ac  curacy 

Pressure  transducer  0 

to  25  and 

1  0,  000 

CMC  4-326-0003  0 

Pressure  Transducer  0 

CPC  4-32G- OOOfi  0 

io  50 

to  nOO  and 
to  1500 

10, 000 

Galvanometer  CPC  7-323 

]  000 

;5";, 

Ci:C  7-326 

5.  000 

2_5v, 

Carrier  Amplifier  1-127. 

2  OK  C 

3,  000 

2 1  C 

frequency  response  lla'  at  3000  cps 

w  Hit m  •  C, 

The  complete  pressure  recording  system  was  c  alibi  an  d  ai  iln 
beginning  of  each  test  day  Tins  was  a  Mam  i  a!  :iu  at  mn  and  was 
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accomplished  in  the  following  mannei  .  All  transducers  in  the  0  to  2b 
and  0  to  50  psig  range  were  attached  to  a  pressure  manifold,  who  h 
had  a  bourdon  tube  pressure  gage  as  the  pressure  measuring  standard 
An  pressure  uas  applied  n>  tin  mamioM  an  i  thus  all  gagi  s  ini  i 


e  al  1 1  >  i  a  ted  s  i  mul ;  a  in  ous  1  \  .  1  ’  ies>  u  i  i  •  w  a  .->  .  ■  j  >  j  d  ini  m  A  ps  ig  mi  n  - 

meats  until  15  psig  was  reached  and  in  5  in  tig  vai  uum  until  JO  in  11^; 
was  i  e  a<.  heil  .  M  iien  t  ai  li  statu  pressui  e  was  i>luai  tu  d.  t  In  om  i  I  U> 
giaph  raw  order'  was  stalled  and  a  shoi  r  segment  ot  paper  obtained 
whi;  h  i  out  a  i  tied  tin.  del  lei  t  ion  t  rum  ,n  *  n  rept  i  si  tin  d  b  \  the  part;*  ul  a  i 
pressure  applied  to  tin  individual  transom  t  is  A  i  al  i  b  r  a'  ion  shn  ( 
s  t  m  i la i  H>  login  e  1 1 !  -  A  was  made  lioni  tin  se  dt  i  Aw  I  ions  w  In  1 1  i  he 
spai  es  between  ear  h  dtl  lei.  non  are  subdiv i  a*  d  lineally 
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In  Figure  1 1 1  -  5  the  positions  of  pertinent  flow  dimensions  of  the 
mojel  are  indicated  and  in  Table  111-2  dimensions  ol  importance  are 
tabulated.  In  Table  III-3  the  significant  model  areas  and  area  ratios 
are  tabulated.  Figure  111-6  shows  a  dr  awing  o  the  model  assembled 
for  lest  ing . 

Table  111-2.  Model  bum  nsioius 

All  dimensions  are  m  inches. 

1  hr  oat  diameter  -  0.0745  *  0.0001 

Diameter  at  exit  of  round  nozzle  -  0.323  ^  0.002 

Vertical  dimension  of  the  flow  path  at  control  port  0.350  0.003 

Thickness  of  flow  channel  -  0.314  0.0005 

Top  exit  -  0.314  ^  0.0005  by  0.420  ^  0.003 

Hottim  exit  -  0.314  _+  0  0005  by  0 . 420  2  0.003 

Knt ranee  to  top  channel  0.314  2  0.0005  by  0.4  50  *  0.003 

Untrance  to  bottom  channel  -  0.314  *  0  0005  by  0  4  30  2  0 . 00,i 

Diameter  of  static  pressure  openings  -  0.040  2  0  0005 

Diameter  ot  pipe  leading  to  model  throat  -  0.JP0  -  0.002 

I'ontrol  port  throat  -  0.314  *  0.003  by  0  048  2  0.00: 
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Table  111-3.  Model  Areas  and  Area  Ratios 

„  O  ) 

Area  ol  control  port  (A  )  -  0.31-1  x  0.0-46  1  .51  x  10  m“ 

Tt  2  "  3  .? 

Area  of  nozzle  throat  (A  )  -  —  (0.0745)  4  .  35  x  1  0  in 

t  4 

Area  ol  nozzle  exit  (A  )  -  ~r  (0.333)“  11  30  x  10  m“ 

n  4 

Area  of  channel  exits  (A  )  0  430  x  0.314  -  1.33  x10  1  in 

ex 

Area  of  entrance  to  channels  (A  )  -  0.430  x  0  314 

e  n 

-  1  3 

1.35x10  in 

Nozzle  half  angle  -  14.0° 


H.  Model  Description 

In  performing  the  experimental  work  <  ate  was  taken  to  follow 
procedures  which  made  the  results  ol  the  experiment  repeatable  and 
ameanable  to  analysis.  The  purpose  ol  this  at  <  t  ion  is  to  him  t  die 
the  model,  each  experiment  and  the  methods  and  pitKcdutes  employed 
in  performing  these  tests. 

The  expansion  nozzle  from  the  stagnation  i  hamhei  to  position 
U-c  and  R-c  was  axisymmcTi  ic  al  and  conical  vciih  a  nominal  i  xpan 
sion  ratio  (A  /  A  )  ol  lb  and  a  hall  angle  ol  expansion  ol  14"  \i  ilu 
cotVrol  ports  the  cross  section  is  discontinuous  The  c  hanm  1  iiom 
this  position  to  either  exit  is  rcctangulai  Position  il  is  the  splitter 
tip  which  is  the  beginning  of  the  scpaiate  outnui  .  namii  l>  1  in 
dil  fe  re  nr  pos  it  ions  lot  v.hn  h  pic  ssiirc  on  a.-  in  •.  me  m  s  \c  (  n  i  i  ,  m  i|i  ■: 
in  t  he  tests  ai  c  H  -  c  ,  H  1 .  I  i  -  3.  I '  -  c  .  1-1  t  .'  a  :.i  1 1  Tin  i>e  .-.'in- 


pickup  at  position  H  n  was  installed,  aftci  the  main  experimt  nis  had 
been  performed,  to  determine  additional  information  m  this  vicinity 
when  the  an  plifier  was  operated  m  its  bistable  region  with  no  control 
flow  . 

The  flow  cross-section  Item  the  c-onuol  jsition  to  each  ehamiel 
c‘.\il  was  visible  because  glass  was  used  as  the  tlou  channel  side 
walls.  The  upper  and  lower  channel  sections  and  the  splitter  section 
were  sandwiched  between  one  hall  null  thi.k  glass  walls  With  I  Iocs 
visualization  methods  it  was  then  possibh  to  h'um  i  vc  the  How  and 
shock  patterns.  Positions  P-v  and  H  v  wete  01  ig i nal  1  y  inmndi  d  to  bo 
vents  to  the  atmosphere  but  were  closed  because  they  only  sc  i  vc  a 
purpose  when  the  amplifier  supplies  ihe  coniiol  signal  '.<>1  auoilic  r 
stage  . 

There  were  seven  tests,  01  series  ol  tests  pei  lot  men  Using  t!i< 
model  shown  in  Figure  IJl-b  before  assembling  lot  i  ,u  li  list  tin 
model  was  checked  visually  to  msuie  that  the-  tlnn  i  tii>ln  i  go>ki  1.- 
wineh  seal  the-  flow  channels  u>  the  glass  side  walls  cm  u  not  damagi  o 
After  each  test  the  model  was  disassembled  m  01  d<  r  n>  c  b  an  i)h 
glass  walls,  and  this  frequently  lesuhed  01  damage  to  tin  tnm  ga-kci- 
When  the  model  was  i  ea&semblcd  it  ua.~  n  al  igtn  o  using  urn  im-tal 
positioning  blocks  nisei  ted  inn>  the  up;x  i  a  in!  hue.  i  i  mu-  Won  i  lu 
glas.-,  pressed  firmly  against  the  iwo  bloi  ks  m  r !  1 «  t  mi  i  |iam.<  Is  iiu 
appropriate  securing  sc  trivs  wc  n  i  igli'i  -i  I  hi.-  tan  m-ioiii  iirr 
the  flow  channels  remained  (  sstiriallc  in.  san.i  no  •  ,v  n  o  s'  an  i 
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atmospheric  an-  did  no!  leak  into  the  low  pressure  I  low  regions. 

Nitrogen  was  always  used  us  the  control  signal  gas  and  was  used 
as  the  power  fluid  except  for  two  tests  in  which  hydrazine  was  used  as 
tlie  power  fluid.  Results  of  the  tests  are  given  in  Section  ]Y. 

Test  series  i  -  Amplifier  litas  Determination 
Description  of  test  conditions  •  No  control  flow  was  used. 

Purpose  of  tests  -Ranges  of  supply  pressure  were  investigated  to 
determine  whether  the  model  exhibited  tendencies  to  flow  out  either 
the  upper  or-  lower  channel  exits. 

Test  procedure  -  The  power  fluid  was  increased  both  slowly  and 

rapidlv  to  determine  if  SP  /di  would  cause  any  bias.  Pressures 
'  o 

were  recorded  manually  when  significant  and  the  reason  for  the 
significance  was  also  recorded. 

lest  series  2  -  Determination  of  Bistable  Range 
Description  of  lest  conditions  -  With  no  control  flow  or  pressure 
signal  applied  the  pressures  at  H-n,  R-c,  B  1,  P-c.  H-ex  and  p-ex 
were  recorded  as  the  chamber  pressure,  P  was  slowly  increased. 
Purpose  of  tests  -  Ibis  test  was  performed  to  (!)  demonstrate  the 
bistability  of  the  amplifier  and  (2)  to  obtain  a  record  of  the  pressures 
created  at  the  positions  B  n,  B-c,  B-l,  and  P-<  and  (3)  to  deter  mine 
the  amplifier's  bistable  range.  Pressures  at  B  ex  and  !'-ex  identify 
the  outlet  flow  exit  . 


Test  procedure  -  (!)  The  oscillograph  was  star  ted  and  (2)  the  power 
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fluid  (nitrogen)  supply  pressure  was  slowly  increased  as  the  experi¬ 
menter  closed  the  bottom  exit  (11-ex)  with  his  hand  to  force  the  flow 
out  the  upper  exit  (U-ex).  When  the  Pq  was  reached  for  which  the 
power  flow  would  continue  to  flow  out  U*ex  without  the  aid  of  the 
experimenter's  hand,  the  hand  was  removed.  1’^  was  increased 
slowly  from  this  pressure,  for  which  flow  was  steady,  stable  and 
leaving  the  model  from  L'-ex,  until  the  flow  split.  This  same  pro¬ 
cedure  was  followed  when  the  flow  was  forced  out  B-ex. 

Test  series  3  -  Oil  Flow  Pattern  on  Glass  Side  Walls 
Description  of  test  conditions  -  Patterns  were  observed  both  with  and 
without  control  flow.  Mo  pressures  were  recorded  except  P 
Purpose  of  tests  -  By  observing  the  manner  in  which  the  flow  near  the 
glass  walls  forced  the  oil  to  flow  on  the  glass  walls  some  character¬ 
istics  of  flow  in  the  mam  stream  could  he  ascertained. 
lest  procedure  -  The  power  flow  was  directed  out  an  exit  l>v  using  a 
control  flow,  or  by  hand,  and  oil  was  miected  in  t he*  other  exit 
channel.  The  flow  patterns  on  the  glass  walls  were  observed  and 
recorded  by  hand.  This  procedure  was  performed  m  the  bistable 
range  with  and  without  control  flow. 

Test  series  4  -  blow  Speed  Switching,  C  old  Power  Gas 

Descript  ion  of  test  conditions  -  Solenoid  valves  were  used  to  actuate 

the  control  signal.  Pressures  were  recorded  at  positions  F-c.  I  -1, 

1J-2,  l!-ex,  B-c,  B-l,  B-^,  H-ex,  P  ,  and  II.  High  speed  (5000 

o 
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frames  per  sec)  schlieren  motion  pictures  were  taken  of  the  switching 
phenomena.  The  power  gas  (nitrogen)  stagnation  temperature  was 
essentially  the  same  as  ambient  (these  are  referred  to  as  cold  gas 
tests) . 

Purpose  of  tests  -  The  schlieren  motion  pictures  and  the  pressure 
data  were  recorded  during  a  switching  process.  Later  the  pictures 
were  observed  at  a  greatly  reduced  speed  and  also  analyzed  as  stat¬ 
ionary  frames  sc  a  better  understanding  of  the  switching  phenomena 
could  be  formed . 

Test  procedure  -  The  schlieren  light  system  was  arranged  as  shown 
in  Figure  I II -  1  and  the  high  speed  camera  adjusted  and  loaded  with 
film.  The  solenoid  valves  were  wired  through  a  single  switch  so  that 
one  of  the  valves  was  open  while  the  other  was  closed  and  vice-versa 
Thus  with  the  equipment  preliminaries  satisfied,  the  high  pressure- 
nitrogen  source  was  regulated  down  until  the  desired  chamber  pres¬ 
sure,  for  which  the  test  was  to  be  run,  was  achieved.  Next  the 
solenoid  valve  switch  was  operated  by  hand  at  the  rate  of  two  or 
thre  .  cycles  per  second.  After  the  model  was  operating,  the  osi  lllo 
graph  recording  mechanism  was  started  and  immediately  thereafter 
the  camera  and  timing  system  (see  Figure  III -3)  were  started.  When 
a  two  hundred  foot  roll  of  film  had  been  run  through  the  camera  tne 
power  gas,  contiol  gas  and  pressure  recording  system  were  turned 
off.  The  film  was  identified  and  stored  for  r<  luc'ion  at  a  later  time. 


This  procedure  was  performed  for  chamber  pressures  of  1300,  1000, 
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800,  600  and  260  psig. 

Test  senes  5  -  High  Speed  Switching,  Cold  Power  Gas 
l)escri,>t ion  oi  test  conditions  -  A  lluerit  oscillator.  was  used  to  pro¬ 
duce  iho  conirol  signal  in  this  lest  so  that  there  were  no  mechanical 
operations  occurring  anywhere  in  the  control  How  path.  Pressures 
were  recorded  a*  the  same  positions  in  this  test  as  in  lest  -5,  and 
schlieren  motion  pictures  were  obtained  in  an  identical  manner. 

Again  the  test  was  essentially  a  cold  gas  test 

Test  procedures  -  The  schlieren  light  system  and  camera  system 
procedures  were  identical  to  those  outlined  in  test  4  Test  r>  was  run 
for  chamber  pressures  oi  1200,  1000,  800,  and  600  psig. 

Test  scries  6  -  Slow  Speed  Switching  Hot  Power  (las 

Peso r ipt ion  oi  test  -  The  sole  noid  valves  o!  u  s'  4  were-  used  to  nctua'e 

the  control  flow'.  Pressure  existing  at  the  same  positions  as  in  test  4 

were  again  recorded  and  high  speed  sc  hlieten  photographs  were  again 

taken.  1  he  power  gas  wa  >  pioduced  with  a  hydra?  me  generator. 

Liquid  hydrazine  (N  il  )  was  lorccd  into  a  steel  nressute  chamber 
2  4 

o 

heated  initially  with  an  electrical  coil  lo  approximately  1  200  1  . 

Tins  temperature  caused  the  hydrazine  to  vaporize  and  decompose 
into  NTI^.  II.,  and  N,,  in  percentages  which  vary  according  to  the  gas 
temper  ami  e  .  The  decomposition  of  die  gas  iclcased  energy  whic  h 
increased  the  temperature  oi  the  gas  leaving  the  gene  i  a*ot  to  approxi¬ 
mately  1700  to  1800  !■'  a;  a  pressure-  ol  abom  14  00  psig 


Test  procedure  -  The  light  system  ariangemert  was  identical  to  that 
m  tests  4  and  5.  The  camera  system  was  identical  except  a  remote 
control  switch  was  added  to  the  camera  After  all  final  adtustments 
in  the  vicinity  of  the  model  were  made  all  personnel  left  the  area  of 
the  model  since  the*  hydrazine  gas  is  extremely  dangerous.  The  licit 
gas  generator-  was  started  by  a  qualified  operator  inside  the  control 
room.  The  control  flow  was  also  actuated  to  prevent  overheating  some 
par  t  c't  the  model.  When  the  desired  chamber  pressure  to  t lie  model 
was  achieved  and  the  hot  gas  generator  was  operating  in  a  steady 
state  condition  the  pressure  recording  was  begun  ana  Hie  camera 
started.  When  the  200  feet  of  film  had  run  through  the  camera  (less 
than  two  seconds)  the  hot  gas  generator  and  pressure  recording  system 
were  slopped.  Film  and  pressure  data  processing  procedures  were 
the  same-  as  in  test  4,  Tests  were  performed  lor  chamber  pressures 
of  1250.  1150.  1000  800  and  0  00  psig 

lest  set  res  7  -  Highspeed  Switching  Ho:  Power  (ias 
Poser  ipt  ion  ot  test  -  The  oscillator  closer  ihed  in  test  5  actuated  the 
control  flow  in  this  test.  As  in  test  (»  the-  schheien  and  camera  system 
ad | ust merits  were  completed  and  all  personnel  cleared  from  the  test 
area  The  hot  gas  generating  system  as  dc-sc  i  ihcd  in  test  0,  was 
used  m  this  test 

Test  pi  oi  c-di.il  e  -  Hecause  of  time  1 1  in  i  'a- ions  only  one  tesi  was  com¬ 
pleted  usmg  hot  gas  and  ihc-  <>sc  illatoi  This  was  performed  at  a 


hamber  piessure  of  1000  p.->ig  J  hi  procedure  i  r .  Ust  7  was  essen 


Iialiy  the  same  as  that  of  test  t>  except  lot  the  different  tnefhoa  of 
actuating  the  control  flow 

’except  for  minor  adpist nients.  tests  -J  f>  (’>  and  7  were  ali 
conducted  in  the  same  area  wiihoul  any  change  m  the  ligld  or  carnet  a 


syste m 


IV.  Analysis  ol  Results 


A  compute  i  ptogtam  im  oi  pen  ..I  mg  ilu-  lust  able'  analysis  of 

section  II  was  written  to  de.  Hu  mine  ihe  quantities  vp  r,  X  A  /  A^ 

M  and  1*  /]’  !>y  vai  vine  tin  ratio  }’  <1'  These  quantities  have  been 

calculated  leu  the  ampliliiu  uesc  t  ibeu  in  Section  il  with  values  ol  k 

1  40.  1.36.  1.33.  1.28  1  .  .'4  1  .  JO  The  pi  og  i  am  uses  an  ite  i  at  ive 

process  to  solve  tor  values  ol  iJ  /]’  which  s.itisiv  equations  1J-6, 

o  :  - 

11-7  and  11-8  .  Results  tiom  c  xpe i  inii  iits  de.-i  ;  ibe.-d  i ii  Sec  t  ion  111  ate 
presented  and  compared  tc)  theoietual  value.-  m  the  following  develop- 
nients  when  applicable 

1'est  Se  r  ics  1  -  Amplifier  Rias  Determination 

No  consistent  bias  was  observed.  )  ot  supply  pressutes  above 
200  psig  the  How  approximately  split  between  the  two  exits.  It  toreign 
matter  was  deposited  along  one  boi  Jary  the  Mow  te  nded  to  go  out  tne 
opposite  exit  c  1*  /  d 1  did  not  atlect  the  exit  by  wlm  li  the  powe  i  tluid 
let!  the  model. 

Test  Sri  ie-s  2  -  De t e- 1  m  1  nat  i on  01  Bistable  Range 

When  powe  r  supple  pies-meso!  approximately  fi'iO  psig  weie 
readied  the  powe  ;  lima  wouhi  How  end  enlu  i  the  upp<  i  or  lower  exit 
Without  Urthei  a.-  s  i lam  <  tiom  an\  so.eiee  B  the  supply  pu.-Miie 
was  im  leased  am  t  a  stable  ,-uppb.  pie.-sine  wa.-  n-ae  heel  stable  tlow 
out  ell  he  I  exit  i  e  Hi  t  1 1 ;  eie  ■  i  until  I  be  slippl  "U  s.-Uie  :  e  ai  lie  ei  about  1320 
psig  Ihe  limei  limit  is  tepeatahie-  w  1 1  iii  ir  30  ps  ig  while  me  ujipe  i 
limit  tends  to  \ai\  appi  ox  i  rna'cl  \  10Qp.-ig  1  iguif  l\  -  o  .-hows  the 

7  t.t 
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pressure  variations  in  each  control  port  vicinity  with  the  supply 
pressure  when  the  power  fluid  was  initially  forced  out  the  upper  exit 
for  three  separate  tests.  Similar  results  were  obtained  when  the 
power  flow  was  forced  out  the  lower  exit. 
lest  Series  3  -  Oil  Flow  Pattern  on  Glass  Side  Walls 

The  oil  flow  patterns  observed  on  the  glass  walls  were  essentially 
the  same  with  or  without  control  flow.  When  control  flow  was  used 
the  effects  of  its  vertical  velocity  were  apparent  m  the  control  port 
region . 

Many  different  camera  techniques  were  tried  in  attempts  to  record 
the  flow  patterns  photographically.  These  attempts  were  not  success¬ 
ful  because  the  cameras  and  photographic  equipment  available  were 
not  adequate  . 

Although  photographs  of  the  flow  patterns  were  not  obtained  the 
patterns  observed  helped  in  formulating  the  flow  separation  model 
showr,  in  Figures  II - 3  and  11-4.  The  line  m  the  figure  indicated  by  (T) 
appeared  as  a  thin  circumferential  ring  of  carbon  around  the  nozzle 
boundary.  As  the  supply  pressure  was  increased  this  carbon  ring 
approached  the  exit  of  the  conical  nozzle. 

When  the  power  flow  was  directed  out  the  upper  exit,  carbon 
particles  on  the  glass  walls  indicated  tins.  Air  from  the  atmosphere 
was  detected  entering  'he  lower  exit  as  it  flowed  pas',  the  experimen¬ 
ter's  hand,  which  was  held  in  this  vicinity.  Graphite  particles  indi¬ 
cated  t hat  this  reverse  flow  was  entrained  by  tin  powei  stream  and 
left  the  model  by  the  upper  exit. 


72 


Test  Series  4  -  Slow  Speed  Switching,  Cold  Power  Gas 

Solenoid  valves  were  used  as  the  control  flow  actuators  so  that  it 
could  be  certain  that  control  flow  came  from  only  one  control  port. 
Since  the  power  that  actuated  the  solenoid  valves  was  controlled 
manually  with  a  toggle  switch,  switching  speed  was  on  the  order  of  two 
or  three  cycles  per  second.  The  high  speed  film  data  indicates  long 
periods  of  steady  state  operation,  which  is  confirmed  by  the  oscillo¬ 
graph  data . 

Data  obtained  during  the  switching  of  the  power  jet  are  not  ana¬ 
lyzed  because  the  solenoid  valves  bounce  off  their  seats  when  closing. 
This  is  apparent  from  the  film  because  of  the  oscillation  of  the  power 
]et  and  also  from  the  variations  of  the  control  pressure  signal  re¬ 
corded  by  the  oscillograph.  Since  the  9P  /5t  was  not  always  positive 
during  switching,  when  using  the  solenoid  valves,  the  shock  angles 

versus  time  data  were  not  taken  from  the  film.  Values  of  P  /  P 

o  c 

versus  the  strong  shock  angle,  reduced  from  portions  of  the  film  and 
oscillograph  records  when  the  model  operated  at  steady  state,  are 
plotted  on  Figure  IV-8. 

Test  Series  5  -  High  Speed  Switching,  Cold  Power  Gas 

The  flueric  oscillator  supplied  a  control  signal  such  that  the  value 

of  P  increased  approximately  linearlv  with  time.  P  usually  reached 

c  c 

a  value  between  one  third  and  one  half  of  the  total  switching  time,  that 
was  held  until  the  switching  was  complete.  Figures  IV- 10,  11,  13  and 
14  show  plots  of  P  and  shock  angles  versus  time  for  the  various 
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supply  pressures.  Both  P  and  cp  are  plotted  versus  the  same  time 
scale  in  each  figure.  It  can  be  seen  that  reached  a  steady  value 
before  the  shock  angles  stop  changing.  Figures  IV- 16  and  17  show 
photographic  switching  sequences  for  supply  pressures  of  1200  and 
1000  psig. 

The  information  presented  in  Figures  iV-10,  IV- 11,  IV- 16  and 
IV- 17  is  representative  of  the  data  which  was  helpful  in  formulating 
the  flow  model  and  equations  to  describe  steady  state  flow  and  the 
switching  process.  These  figures  are  discussed  further  when  specific 
points  are  discussed  in  connection  with  the  flow  model  and  equations. 
Test  Series  6  -  Slow  Speed  Switching,  Hot  Power  Gas 

The  objective  of  these  tests  was  to  determine  the  same  type 
information  as  recorded  m  Test  Series  4  .  Again  the  solenoid  valves 
displayed  poor  seating  characteristics.  Thus  since  the  clarity  of  the 
photographic  data  was  also  very  poor  this  data  was  not  analyzed. 

Test  Series  7  -  High  Speed  Switching,  Hot  Power  Gas 

Only  one  high  speed  switching  test  at  a  supply  pressure  of  1000 
psig  was  completed  satisfactorily.  Data  from  the  oscillograph  record 
is  plotted  in  Figure  IV- 12.  A  photographic  switching  sequence  simi¬ 
lar  to  those  of  Figures  IV- 16  and  IV- 17  are  not  shown  here  because 
all  clarity  of  details  is  lost  when  going  through  the  necessary  repro¬ 
duction  processes.  Results  of  this  test  are  compared  10  the  flow 
model  and  the  cold  gas  tests  when  possible  m  the  following  discus  - 


s  ion . 
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Figure  IV- 1  shows  the  area  ratio  at  separation  as  a  function  of 
P  /Pj,  which  was  chosen  as  the  independent  variable  since  this  ratio, 
for  any  particular  model  geometry,  is  known  to  affect  the  separation 
position.  As  Pq/Pj.  increases,  the  separation  region  moves  closer 
to  the  nozzle  exit.  This  phenomenon  was  observed  experimentally  by 
the  author  and  Mr.  B.  J.  Clayton  of  the  U  .  S .  Army  Missile  Command 
when  running  test  series  3  during  which  an  oil-graphite  solution  was 
miected  into  the  amplifier  and  PQ/Pj.  was  varied  by  varying  P  .  The 
stagnation  region  in  the  nozzle  was  visible  because  of  the  light  circum¬ 
ferential  ring  of  carbon  formed  on  the  nozzle  boundary.  Referring  to 
Figure  II- 3  one  can  see  that  both  upstream  and  downstream  of  the 
separation  region  there  is  flow  near  the  boundary  and  toward  the 
region.  Thus  the  separation  region  is  the  only  region  where  the 
carbon  particles  can  remain  at  rest. 

Ii  can  be  seen  from  Figure  IV- 1  that  for  any  value  of  P  / P  the 

o  f 

area  ratio  at  separation,  A  /  A  .  increases  as  k  decreases.  The 

estimated  value  of  k  for  gaseous  anhydrous  hydrazine  is  1.20,  and 

there  is  uncertainty  in  this  value.  The  uncertainty  is  due  partially 

to  the  unknown  dissociation  and  its  affect  on  the  value  of  k.  Assuming 

the  average  value  of  k  ~  1.29  then  hydrazine  will  separate  farther 

downstream  of  the  nozzle  throat  than  will  nitrogen  under  the  same 

conditions.  One  thus  can  deduce  that  each  has  ns  P  / P„  range  of 

of  n 

operation.  It  ran  also  be  seen  that  the  difference  m  A  / A  between 

i  t 

different  k  values  increases  as  P  /P„  increases.  With  X  defined  as 

o  f  1 


>ient 


hamper 
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the  distance  from  the  nozzle  throat  to  the  separation  position  a  plot  of 
X.  against  P  /P  would  be  expected  to  yield  a  trend  similar  to  that  in 
Figure  1V-4.  The  calculated  curves  of  Figure  1V-2  confirm  this. 

The  experimental  X  values  plotted  on  the  same  graph  indicate  a  simi¬ 
lar  trend  although  it  can  be  seen  that  a  line  connecting  the  nitrogen 
and  hydrazine  points  would  cross  the  curves  for  different  k  values. 

A  change  in  P^/P  may  affect  the  temperature  and  percent  dissocia¬ 
tion  of  hydrazine  and  thereby  cause  a  resulting  change  m  k  which  is 
indicated  in  Figure  1V-2.  This  type  variation  indicated  by  the  experi¬ 
mental  points  for  nitrogen  is  not  expecied.  The  variation  between 
calculated  and  experimental  values  could  be  due  to  the  reduction  in 
cross  section  of  trie  inviseid  How  region  caused  by  boundary  layer 
growth.  This  reduction  was  neglected  in  the  bistable  theory  develop¬ 
ment.  'The  figure  insert  on  Figure  1V-2  shows  how  t lie  boundary  layer 
build-up  can  cause  error  m  the  calculat'd  and  experimental  values  of 
X  and  M..  Although  calculations  using  the  hi  stable  theory  indicate 
tile  flow  should  separate  at  X  the  growth  of  the  boundary  layer 
reduces  the  effective  area  for  flow  and  thus  the  actual  separation 
position  is  at  X,,  . 

l  he  experimental  values  of  X  were  obtained  graphically  m  the 
following  manner.  Using  project  ions  of  the  schlicren  film,  a  line, 
tangent  to  the  shock  ai  the  nozzle  exit,  was  pron  cied  to  the  nozzle 
boundary.  The  distance  from  this  mieisect  mu  to  die  nozzb-  throat, 
measured  parallel  to  the  model  axis,  was  tie-  cxpi  riiiieiiial  X  . 
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Figures  IV'-lfi  through  IV-22  show  reproductions  of  photographs  made 

from  the  18  mm  film.  Film  of  tins  type  was  used  to  obtain  the  values 

of  V,  sp  and  tp  ^  .  Since  the  experimental  value  of  .\  for  nitrogen 

and  P  / P  -  03.5  lies  close  10  the  k  1.40  curve  but  departs  from  this 
o  1 

curve  as  X  decreases,  it  can  be  seen  that  the  accuracy  of  the  shock 

l 

protection  method  decreases  as  the  intersection  position  moves 
nearer  the  nozzle  throat . 

Figures  IV-3  and  IV-4  indicate  the  calculated  Mach  Number  in 
the  vicinity  cf  the  separation  region  and  also  the  values  of  P  / P^,  and 
P./Pj.  respectively,  at  which  the  flow  separates  Both  figures  indi¬ 
cate  that  as  Pj  is  lowered  the  separation  Mach  Number  increases  for 
a  given  fluid.  At  high,  altitudes  this  might  require  an  increase  m 
control  signal  pressure  to  insure  amplifier  operation. 

Figure  iV-5  shows  the  relation  between  the  pressure  ratio  P^/P 
and  the  angle  the  oblique  shock  makes  with  the  model's  boundary. 
These  angles  are  calculated  downstream  of  the  separation  position 
and  outside  the  boundary  layer.  From  these  curves  it  can  be  seen 

that  x  decreases  as  P  fp,  increases.  Thus,  even  if  the  separation 

o  f 

region  is  fixed,  there  is  some  IP  ;P.)  for  anv  amplifier  for 

p  o  l  max 

which  the  angle  ®  .s  too  small  to  direct  the  free  stream  boundary 

past  the  spinier  tip.  As  P  /P^  decreases  ®  increases  and  will 

become  normal  to  the  free  stream  boundary  foi  some  value  (P  /P,).,  . 

o  f  N 

For  ®  5?  ,  we  know  that  the  streamline  direction  is  unchanged  and 

for  cf  -  is  -  A®  the  direction  of  the  free  stream  boundary  is  changed 


Variation  Versus  Chamber  to  Ambient 


Jet  Flows 


Figure  FV-6.  Control  Port  Pressure  Variation  as  P  is  Gradually  Increased 
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only  slightly  .  Thus,  for  tin*  values  of  ( I  *  / 1  *  ^  1  there  is  some  lower 

limit  O’  / P,)  .  for  which  the  amplifier  will  be  bistable.  Figure 

o  f  mm 

IV- (>  shows  expei  imeritallv  that  (for  F  *  14  4  psia) 

1  •  atm 

(F  /]’  )  K*  O’  /I’  1  -  f.14  .4  /  13 .0  47.2 

o  l  nun  o  c 

and 


O’  / 1  ’  )  -  14  14.4/13.0  10!' 

o  f  max 

where  P  is  measured  in  the  vicinity  of  region  f  These  values  would 
vary  for  different  amplifiers. 

Hough  calculations  of  6  for  bistability  lor  geometrical  consider- 

o 

ations  alone  require  that  f  -i  This  value  ot  6  was  cal 

nun  nun 

culated  for  the  following  conditions:  o  14.0°,  1’  /P  -  P  /P  - 

1414/14.4,  the  separation  position  is  determined  using  the  bistable 

analysis  and  the  splitter  tip  position  is  located  1  .23  inches  from  the 

separation  position  It  is  also  assumed  for  tins  calculation  that  the 

free  stream  boundary  approximates  a  straight  line  Horn  separation 

to  the  splitter  tip.  6  obtained  from  results  of  the  bistable  analysis  in 

Section  II  predict  values  m  the  ne  ighborhood  of  Iti.oti.  Since  ii  has 

been  observed  experimentally  that  flow  in  the  amplifier  is  stable  for 

P  /  P  -14  14/14.4  '  hen  1 1  c  an  be  seen  t  hat  t  lie  1- 1  stable  anal  vs  i  s  pie- 
o  a  ' 

diets  a  smaller  range  ol  1’  /!’  than  1 1 i a i  lor  which  ilow  m  the  ampli 

o  a 


tier  is  bistat.de  . 


n  of  the  Free  Stream  Boundary 
Chamber  to  Ambient  Pressure 
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Probably  the  maior  cause  of  the  disagreement  in  the  calculated 
and  experimentally  observed  9  values  is  that  no  <  onsiderat ion  was 
given  to  the  reduction  ol  cross-sectional  area  available  for  flow  due 
to  boundary  layer  growth  in  Hu  hisia'nle  analysis  formation  In  his 
dissertation  Duffy  (7)  determines  the  boundary  layer  thickness  along 
the  wall  ol  a  15°  halt  angle  conical  nozzle  by  theoretical  approxima¬ 
tion  and  also  experimentally  His  plots  ot  data  indicate  that  the 
boundary  layer  in<  teases  approximately  linearly  liom  the  throat. 
Assuming  the  boundary  layer  he  obtains  with  an  an  supply  pressure 
of  1000  psig  is  similar  to  Hie  one  obtained  with  nitr  ogen,  and  the 
streamline  between  the  boundary  layer  and  invisieid  (low  is  the 

deflected  free  stream  boundary  then  c  17°  is  obtained,  winch 

mm 

is  much  closer  to  the  calculated  value  ol  ?  HI. 58  These  tabul¬ 
ations  indicate  Hiat  the  boundary  layer  growih  is  a  sigmiKant  mechan¬ 
ism  in  bistability 

No  geometr  ical  consider  at  ions  restrict  P  P4  such  that  it  must 

lie  above  some  value  (P  /I’  )  to  maintain  stable  How  as  the 

o  1  non 

splitter  tin  placement  requires  a  P  /  b  below  a  iP  /P  t  The 

1  '  ’  o  i  o  i  max 

fixed  position  ol  the  model’s  control  ports  together  with  the  tact  that 

control  flow  will  flow  around  a  power  stii  am  which  docs  not  till  the 

flow  area,  prevented  a  meaningful  expc  r  nnental  mv  esiigatiori  ot  'in- 

phenomenon  in  this  P  /P  legion  wiHi  this.  am;.l  i!  let 

o  1 

Figure  1V-8  shows  the  gem  r  al  agreenwm  n;  i  xper  imernallv 

determined  v  al  lies  oil’  ■  1  ’  and  w  n  h  t  in  k  I  4  0  i  u-.i-.-t,.  deu  r  mined 

o  I 


*),<•'  >1) 


Figure  IV-°.  Shock  *  Free  Stream  Poundary  Intersection  Variation  With  P  /  P 


front  tlie  bistable  theory  of  Section  11.  P^  is  the  stagnation  pressure 
of  the  control  signal  and  this  control  sigr..i  corresponds  to  the  shock 
angle  designated  as  cp  ,  and  is  (he  second  coordinate  determining 
the  experimental  points. 

Figure  IV- ft  shows  the  plot  of  experimental  values  of  P^/P 

versus  (R-r)/(X  -X  ).  R-r  is  the  distance  between  the  first  free 
t  1 

stream  boundary- shock  intersection  and  the  splitter  t:p.  X  -  Xt  is 
the  distance  from  the  nozzle  throat  to  the  separation  region.  This 
information  could  be  of  help  in  determining  splitter  tip  positions  for 
similar  amplifiers  . 

Figures  IV- 10,  11,  12,  13,  and  14  show  the  experimental  values 
of  the  upper  (®^)  and  lower  (<p^)  shock  angles  during  the  time  when 
the  power  stream  is  switching.  These  five  figures  also  show  a  repre¬ 
sentative  partial  cycle  of  the  control  pressures  recorded  ai  U-c  and 

B-c.  Full  cvcle  plots  of  P..  ,  P,,  ,  I1,,  ,  and  P  are  included. 

'  b-ex  Bex  l 1  - 1  B- 1 

bince  syncronizauon  betw’eeti  film  and  oscillograph  da'a  was  not 
Achieved,  a  representative  pressure  cycle  was  chosen  to  show  the 
relation  between  control  pressure  rise  and  the  shock  angle  magnitude 
during  switching.  In  all  cases  the  beginning  of  switching  is  defined 
as  the  nine  when  the  shock  angle  with  the  smallest  magnitude  begins 
to  increase.  P  is  defined  m  tins  manner  because  when  a  control  flow 
is  used  to  switch  the  power  stream  the  smaller  shock  angles  increase 
as  she  control  pleasure  increases.  For  example,  it  the  powei  stream 
switches  from  the  lower  to  tin  upper  exhaust  channels,  then  the  lower 
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shock  angles  nuns'  increase  as  control  Dow  is  initiated  Tlio  end  of 
switching  will  be  defined  as  ’In-  turn  when  all  shock  angle  change 
ceases . 

Two  linu’  scales  arc-  ui  iltzed  cm  figures  IV-  !  0  tv  i  1  and  I V  -  Id. 
The  Scale  for  the  shock  angles  and  control  pressmes  o  four  ; lines 
greater  than  the  scale  lor  the  exhaust  poo's  and  a  al l  pt  essence  . 
Values  of  shock  angles  and  control  pressures  art  shown  only  .'•>;•  bn 
part  of  th"  time  cycle  when  the  power  stream  :s  shit  "rig  Iron-  'ho 
upper  to  lower  and  from  the  lower  to  uppei  exits  Oiaracteristtc.s  of 
the  pressures  from  the  oscillograph,  (hart  have  been  shown  on  these 
plots.  These  show,  for  example  control  pressure  rise  versus  time 
as  nearly  a  straight  1  me.  pressure  vartabons  about  the  final  maximum 
or  minimum  pressures,  oscillator  c  ha  rat  tens',  cs  such  as  the  partial 
rise  of  control  pressure  with  a  nine  lag  a’  tins  pressure  and  men  the 
final  pressure  rise  and  tiic  nonun.ioi  ni  control  pleasures  supplied  by 
the  oscillator. 

A  full  cycle  of  pressures  recorded  hy  the  exhaust  pitot  and  wall 
pressure  itar.sduceis  at  1-1  and  H-l  ate  shown  on  the  uppei  two 
graphs  .  Since  the  zei  u  of  tunc  toi  all  lour  t  mves  on  a  graph  are  the 
same  it  car.  also  hr  seen,  as  would  he  expected,  that  the  nressitt  e 
response  recorded  by  the  wall  transducers  arid  exhaust  pitots  lag 
the  control  pressures.  It  is  noted  a'  tins  pomi  mat  the  pitots  were 
made  of  simple  tubing.  The  positioning  <>1  'he  pitots  ou  t  th<  exhaust 
exits  was  tint  rigidlc  lixed  and  '.he  transduce  r  sensing;  the  exhaust 
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pressures  were  not  calibr  ated  since  qualitative  uata  only  was  required 
of  them. 

Positive  and  negative  i  octroi  will  now  be  ciermr-d.  When  the 
amplifier  exhibits  positive  control  lire  power  Mew  leaves  t ho  amplifier 
i'll  lire  opposite  side  lrum  which  the  comiol  signal  is  applied  For 
example,  if  the  lower  control  port  supplies  the  <  01P10)  signal,  then 
the  power  flow  leaves  the  ampl  :f  mr  tiom  i  In*  upper  extra  us  t  channel 
Negative  control  is  the  re'ersu  or  positive  .  out  i  ol  Wiren  the  lower 
control  port  supplies  the  control  signal,  tin.  nowc  r  fluid  leaves  the 
amplifier  front  tne  lowin'  exhaust  Poshivi  i-oritiol  is  de  mono!  rated 
in  Figure  IV- 10,  IV- 1  1  and  IV-  H.  Nega.  svo  control  is  demonstrated 
in  Figure  I V  - 1 3  and  IV  -  1 .  I-'igut  e  1 V  *  1  2  is  an  example  or  a  i  aji 
when  the  power  stream  was  no;  iu'.l\  conuolleu 
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Figure  IV- 15.  Pressures  And  Shock  Angles  Versus  Time.  =  250  pslg. 
Power  Gas  -  Nitrogen,  Solenoid  Valves 


possibly  be  a  little  rougher  than  the  lower  surface.  If  the  upper 
surface  were  rougher  this  would  cause  an  additional  pressure  dis¬ 
turbance  in  this  overexpanded  flow  region  that  would  affect  the  flow 
to  a  greater  degree  than  if  the  stream  were  not  overexpanded.  The 
bias  is  more  apparent  in  Figure  IV- 11  where  the  slight  control 
pressure  difference  indicates  that  cp  for  flow  out  U-ex  should  be 
larger  than  tp  when  flow  is  out  H  ex . 

The  second  bar  from  the  time  scale  origin  of  Figure  IV-  10 
represents  the  time  when  the  upper  control  flow  can  las'  be  detected 
on  the  schlieren  film.  It  can  be  seen  that  the  upper  control  flow  con¬ 
tinues  for  approximately  eight  tenths  of  a  millisecond  after  the  lower 
control  pressure  begins.  Because  of  this  lag  in  upper  control  shut 
off,  it  can  be  determined  front  the  tp-t  graphs  that  the  switching  oi  the 
power  fluid  from  13-ex  to  U  ex  takes  longer.  This  same  control 
pressure  lag  can  be  seen  in  Figure  IV- 12.  It  may  be  noted  in  Figures 
IV- 10  and  IV- 12  that  the  shock  angles  do  not  become  equal  or  change 
appreciably,  as  might  be  expected,  when  the  pressure  m  the  on  con¬ 
trol  port  begins  to  decrease  betore  positive  control  pressure  is 
supplied  from  the  other  port.  This  is  due  to  the  reverse  flow  from 
the  atmosphere  which  constrains  the  power  stream  to  flow  out  the 
same  exit  until  the  pressure  differential  which  exists  between  the 
upper  and  lower  boundaries  is  destroyed.  In  reality  the  reduction  oj 
the  control  pressure  after  the  power  stream  has  switched  would 
insure  the  ease  of  the  next  switch  as  can  be  seen  from  the  ip  vs  t 
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Figure  IV- 11  shows  the  same  type  data  plots  for  a  chamber  pres¬ 
sure  of  -  1000  psig  and  nitrogen  as  the  power  gas.  Observations 
Similar  to  those  made  about  Figure  IV- 10  for  which  1’  r  1800  psig 
can  also  be  made  for  the  plot  of  data  representing  this  test.  Figure 
IV- 12  is  another  plot  of  this  type  data  for  P  -  1000  psig  and  hydra¬ 
zine  as  the  power  gas  .  The  first  half  eyrie  shown,  when  the  power 
stream  switches  from  the  upper  to  lower  exits,  occurs  normally 
except  for  the  reduction  of  the  bottom  control  pressure  (P  )  before 
the  upper  control  pressure  (P  )  begins  to  increase.  Even  if  th’s 
occurs,  as  noted  previously  the  angles  do  not  change  because  of  the 
reverse  flow'  from  the  atmosphere  until  P  ^  begins  to  increase  and 
destroy'  the  low  pressure  region  at  the  upper  flow  boundary.  The 
second  half  cycle  shows  the  reverse  oscillator  characteristic.  P  ( 
builds  to  its  final  value  before  P  begins  to  decrease.  Although 
the  upper  shock  angle  reaches  a  stable  value  two  tenths  millisecond 
later  than  the  lower  shock  angle  there  is  little  apparent  affect  on  the 
shock  angles  which  could  not  be  explained  by  error  in  data  reduction. 

The  apparent  delayed  reduction  in  P_,  should  delay  the  reduction  in 

U  -  e 

<p  .  This  does  not  happen.  On  the  contrary  the  hydrazine  power- 
fluid  was  switched  by  the  control  How  smoothly,  as  is  indicated  by 
watching  the  high  speed  schlieren  film  and  the  plot  of  the  shock  angles 
taken  from  this  film.  There  is  six-tenths  millisecond  between  the 
beginning  of  rise  of  P^  and  fall  of  P  ,  therefore  it  appears  that 
there  should  be  about  a  six-  tenths  millisecond  delay  between  the 


In  no  other 


beginning  of  rise  m  tp  and  the  beginning  of  fall  of  <p 
test  does  the  oscillator  display  this  character istie  in  actuating  the 
control  signal,  and  an  mentioned  previously  there  was  only  one  hot  gas 
test  performed  with  the  oscillator  used  as  the  control  signal  actuator. 
Although  it  is  possible  to  adiust  t lit*  oscillator  such  that  tins  type 
control  signal  is  generated,  no  explana' ion  is  apparent  to  explain  why 
the  reduction  in  magnitude  of  tp(.  is  not  delayed  six-tenths  millisecond 
bv  the  delav  m  reduction  of  1’ 

l'  -  c 

Figure  IV- 13  shows  a  plot  of  shock  angles,  control  signal  pres 
sures,  wall  pressures  P  ^ ,  .  and  P  and  exhaust  pitot  pressures  for 
Pq  1  800  psig.  As  eari  be  seen  from  observing  the  control  pressure 
plot,  the  oscillator  did  not  supply  a  good  switching  signal.  Many 
attempts  were  made  to  make  the  amplifier  switch  when  the  supp);, 
pressure  was  800  psig  but  at  no  time  did  the  amplifier  switch  at  ties 
pressure  when  the  oscillator  was  used  as  the  control  signal  aciuatoi  . 
The  control  signal  pressures  shown  in  Figure  1V-13  did  not  switch 
the  power  fluid  and  it  was  found  experimentally  tha-  at  this  chamm-i 
pressure,  control  pressures  up  to  approximately  10  psig  would  not 
cause  switching  . 

The  data  plotted  m  Figure  IV- 14  is  for  a  supply  pressure  of 
GOO  psig,  nitrogen  power  fluid  and  the  switching  signal  actuated  bv 
the  oscillator.  Shock  angle  data  appears  haphazard  in  tlu  plot.  This 
is  primarily  due  to  the  redice J  damn  of  angles  when  the  power 
stream  separates  within  the  nozzle  far  from  the  nozzle  exu  (about 
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two- tenths  of  an  inch  as  calc  ulated  using  Figure  1Y-2  and  assuming 
an  atmospheric  pressure  of  14. 5  psig).  The  amplifier  operates  with 
negative  control  for  this  1’  as  is  seen  by  observing  the  high  speed 
schliereii  film  or  by  observing  the  time  plots  of  cp  and  control  pres¬ 
sure.  From  observing  the  film  it  is  apparent  that  the  power  flow 
doesn't  switch  the  power  fluid  completely  to  either  exit,  although 
this  is  not  obvious  from  the  exhaust  pressure  plot  . 

Figure  IY-15  shows  a  complete  cycle  of  pressure  time  curves 
obtained  from  the  oscillograph  pressure  time  record  when  solenoid 
valves  were  used  as  the  control  signal  actuator,  the  chamber  pres¬ 
sure  was  250  psig  and  nitrogen  was  the  power  fluid.  No  shock  angles 
could  be  obtained  from  the  schlieren  film  but  it  is  perfectly  clear 
that  the  power  stream  switches  negatively  when  the  control  pressure 
versus  time  curve  is  considered  along  with  the  exhaust  pressure 
versus  time  curve.  When  a  control  flow  is  supplied  at  l'-e  the  power- 
flow  leaves  the  amplifier  from  the  upper  exit,  whic  h  is  the  definition 
of  negative  control  , 

Using  the  time  lapse  from  the  beginning  to  the  end  of  all  t? 
changes  as  the  definition  of  switc  hing  time,  and  the-  tp  vs  t  c  urves, 
a  table  of  switching  times  can  be  compiled.  Tne  control  signal  was 
actuated  by  t lie  oscillator  for  all  switchings  listed  m  Table  IY-i  , 

The  control  pressures  listed  in  Table  1 V - 1  are  not  necessarily  the 
minimum  pressures  required  to  switch  the  power'  stream.  They 
merely  show  the  aciual  pressures  which  were  use  d  to  sw  itch  the 
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Table  IV- 1.  Switching  Tunis  Tor  Different  Chamber 
Pressures,  Gases  and  Directions  of  Switch 


Power  Fluid 

1  O 

(psig) 

Direc  t  ion 
of  Switching 

At 

( mill  iseconds) 

J 

(psig 

N  it  rogen 

1  200 

Id  to  H 

1.12 

(i  .0 

Nit  rogen 

1200 

11  to  U 

1  .  70 

5.0 

Nitrogen 

1  000 

U  to  H 

1,00 

5 . 0 

N  itrogeri 

1000 

H  to  F 

2.50 

5.0 

Hydrazine 

1  000 

U  to  H 

1  .20 

4  .  2 

Hvdraz  me 

1  000 

1,  to  V 

1  .0-1 

!>  .  0 

power  stream  m  these  tests  From  observing  the  times  of  switching, 
it  appears  that  greater  control  pressures  tend  to  decrease  switching 
tunes,  as  is  indicated  by  comparing  the  cases  of  nitrogen  when  the' 
supply  pressure  is  1000  psig  and  hydra?  me  at  the  same  supply  pres¬ 
sure.  This  would  normally  be  expected 

lii  order  to  obtain  conclusive  experimental  evidence  showing  that 
smaller  c-witchmg  times  will  be  obtained  using  larger  control  pres¬ 
sures,  data  from  experiments  should  be  examined  in  which  variations 
of  the  other  parameters  are  eliminated.  For  example,  the  time 

between  the  beginning  of  rise  of  P  and  fall  ol  t’  and  vice-versa 

l-  c  b  e 

should  be  the  same  in  all  eases.  As  can  be  seen  trom  the  cp  vs  t 
curves,  At  is  greater  when  tin-  control  pressure  on  the  side  io  winch 
the  stream  is  to  svvnch  does  not  begin  to  decrease  at  the  same  time 


the  opposite  control  presume  begins  to  m<  rcase  . 
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Figure  IV- 16  shows  a  sequence  of  enlaiged  frames  taken  front  the 
16  mm  schlieren  film.  They  show  the  amplifier's  power  stream 
switching  from  the  upper  to  lower  exit.  Considerable  change  in  the 
shock  pattern  can  be  detected  between  frames  (a)  and  (b) .  A  light 
spot  shows  at  the  upper  control  port  entrance  to  the  power  flow 
channel  in  frame  (b),  which  does  not  appear  in  frame  (a).  When  this 
i.ght  spot  can  be  detected  at  either  control  port  entrance,  a  control 
flow  is  being  supplied  at  that  port. 

Figures  IV- 16  through  IV'- 19  show  typical  flow  situations  with 
nitrogen  as  the  ower  fluid.  They  also  illustrate  the  type  of  photo¬ 
graphs  from  which  shock  angles  (®  and  »  )  were  recorded  from 

u  B 

each  frame  of  a  typical  switching  sequence  in  order  to  obtain  Figures 
10  through  IV-15.  Figures  IV-16  and  IV' -  1  7  illustrate  well-defined 
switching  sequences  at  chamber  pressures  of  1200  and  1000  ps 
respectively.  As  shown  in  Figure  IV-  18  at  chamber  pressure  P  - 
800  psig  the  amplifier  does  not  completely  switch.  It  can  be  seen 
that  the  power  stream  partially  switches  but  never  splits  evenly 
between  the  exit  channels  . 

Figure  IV- 10  shows  a  negative  switching  sequence  and  also  shows 
the  lag  in  upper  control  cut  off.  In  frame  (a)  it  can  be  seen  that  the 
upper  control  port  (U.C.P  )  is  supplying  control  flow.  In  frames  (b), 
(<.),  and  (d)  the  U.C.P.  is  stil1  supplying  flow  but  now  the  lower  con¬ 
trol  port  (U.C.P.)  is  supplying  control  flow  also.  In  frame  (e)  the 


U.C.P.  is  off  and  L .  t  .  P .  on.  In  frame  (f)  the  L.C.P.  continues  to 


(a)  Steady  state  flow  out  upper 


(b)  Power  flow  split  with  approxi¬ 
mately  80fo  out  U-ex 


(e)  Power  flow  split  with 

approximately  20%  out  l.’-cx 


< f )  Steady  state  flow  out  bottom 
exit 


Figure  IV  1 G ,  Sc  hlieren  Photographs  of  Power  Stream  Switching. 
Power  Fluid  -  Nitrogen,  P0  -  1200  psig 
Oscillator  Actuated  Conti'oi  Signal  at  50  *  b  cps  . 


(a)  Steady  state  flov  out  upper  <h)  Power  flow  split  with  approxi- 
exit  mately  80%  out  l' -ex 


(c)  Power  flow  split  with  <d>  Power  flow  split  with  approxi- 

approximately  60%  out  l'  -ex  mutely  40%  out  U-ex 


(e)  Power  flow  split  with  ( f >  Steady  state  flow  out  bottom 

approximately  20%  out  U-ex  exit 


Figure  IV- 17.  Seal icieri  Photographs  ot  Power  Stream  Switching. 
Power  Fluid  -  Nitrogen,  PD  -  1000  psig 
Osc  illator  Actuated  Control  Signal  at  50  5  cps. 


(a)  Steady  state  flow  out  bottom 
exit 


<b)  Three  frames  after  steady  state 
flow  out  U  -  ex 


(c)  Six  frames  after  steady  slate  <d)  Mine  frames  after  steady  state 
flow  out  L'-ex  flow  out  U-ex 


(e)  Twelve  frames  after  steady  <0  Steady  stale  flow  hanging  on 
state  flow  out  U-ex  splitter 


Figure  IV-  18.  Schlieren  Photographs  of  Power  St  -earn  Switching. 
Powr  Fluid  -  Nitrogen,  Pn  -  800  psig 
Oscillator  Actuated  Control  Signal  at  SO  j  S  eps  . 
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supply  control  fluid  and  the  power  stream  leaves  the  amplifier  from 
the  lower  exit  channel. 

Figure  1V-20  shows  ihe  same  negative  switching  phenomenon 

w lie n  solenoid  valves  actuate  the  control  signal  and  P  -  dot)  psig. 

o 

Negative  switching  was  not  studied  extensively  but  some  oi  the 
character ist ics  of  the  power  stream,  when  negative  switching  occ  urs, 
were  noted  and  will  he  presented  here,  h  irsi,  n  is  easy  to  see  that 
the  power  si  ream  does  not  fill  the  flow  area  at  :his  chamber  pressure. 
Second,  when  no  control  signal  is  supplied  ihe  flow  spins  between  liie 
upper'  and  lower  exits  .  Third,  the  power  stream  ts  pist  barely  super 
some  flowing  pas-  i  lie  splitter  tip. 

'1  his  negative  eon’rol  regime  can  he-  explained  by  considering 
Figure  IV  -2 1  .  Views  (a)  and  (!>)  of  l-Tgure  1 V  -  2  1  Hlustra'e  the  reduced 
Size  of  the  power  |ei  in  the  control  port  region.  S.nee  tie  power-  llow 
doc  s  not  fill  the  channel,  the  con'rol  fluid  can  How  around  ii  .  H  is 
hypothesized  that  the  control  port  serves  as  the  critical  throat  of 
converging- diverging  expanding  llow.  Thus  when  control  flow  enters 
as  shown  at  i'-e  a  high  pressure  region  a'  P-c  relative  to  l'-c  is 
produced  because  stagnation  conditions  in  the  ronirol  flow  n  tid  to 
exist  on  the-  side  opposite  the  control  mb  i. 

Figure  IV  -  22  shows  enlarged  photographs  from  Hie  film  m  winch 
hydrazine  was  the  power  fluid,  control  llow  was  actuated  by  solenoid 
valves  and  F  -  GOO  pmg.  As  can  be  seer,  the  power  s'naii:  doj  not 


switc  h  completely,  arid  the  lower  control  por'  is  supplying  tin-  i  on'rnl 
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(a)  Steady  state  flow  out  upper  (!>)  Power  flow  split  with  apptoxi- 
exit  ntaiely  80"u  out  l1 -ex 


(c)  Power  flow  split  with  <d)  Power  flow  split  with  approxi- 

approximately  GOA  out  l' -ex  ntaiely  40’<>  out  l -ex 


(e)  Power  flow  split  with  (0  Steady  state  flow-  out  bottom 

approximately  20b  out  l  ex  e.xil 


Figure.*  IV- 20 .  Selilieren  Photographs  of  Pow*-r  Stream  Switching 
Power  1‘luid  -  Nitrogen,  Pt>  1  250  psig 
Solenoid  Valves  Actuated  Control  Signal. 
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(a)  Oblique  View  of  Control  Port  Region 


Figure  IV- 2  1  .  Flow  Pattern  of  Control  Gas  in  the  Control 

Port  Region 


(a)  Steady  state  l'low  out  bottom  (h)  Ton  frames  after  steady  state 
exit  flow  out  H-ex 


(c)  Twenty  frames  after  steady  (d)  Thirty  frames  after  steady  state 


state  flow  out  H-ex 


flow  out  H-ex 


< e)  Forty  frames  after  steady  (f)  Steady  state  How  hanging  on 


state  flow  out  H-ex 


splitter 


Figure  IV-22.  Sehlieren  Photographs  of  Power  Stream  Switching 
Power  Fluid  -  Hydra?. me,  P^  "  GOO  psig 
Solenoid  Valves  Actuated  Control  Signal, 
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signal.  These  photographs  were  chosen  for  presentation  here  because 
they  illustrate  the  host  film  clarity  obtained  when  hydrazine  was  the 
power  gas,  and  they  also  demonstrate  the  reduced  clarity  obtained 
because  of  external  density  currents  and  internal  smudging  of  the' 
glass  s ide  walls  . 

When  the  high  speed  sehlieren  film  of  the  switching  phenomenon 
is  viewed  using  a  motion  picture  propcior,  operating  a!  31'  frames/ 
second,  it  appears  that  the  fluid  stream  rotates  as  a  solid  body  for 
chamber  pressures  above*  250  psig.  This  is  not  the  ease.  The  angle 
of  the  turning  shocks  changes  smoothly  with  time.  Thus  the  change 
of  the  flow  directions  cf  successive  particles  is  smooth  and  should 
appear  to  have  a  wave  shape  during  switching.  Since  the  wave  shape 
is  not  observed  at  high  chamber  pressures,  and  velocities  are  very 
high,  it  is  reasonable  to  conclude  mat  tins  is  because  tlx*  power  fluid 
velocity  is  many  times  higher  than  the  angula*  speed  of  the  rotating 
shock.  At  the  lower  chamber  pressures  tlx*  appan  m  wa*<  mot  on 
during  switching  is  d iseernablc* .  When  the  solenoid  valv«-«  acuia'cd 
the  control  signal,  the  wave  motion  was  seen  even  at  high  chamber 
pressures  because  of  the  large  dP  /dt  and  consequent  large  rate  of 
change  of  ®  caused  when  the  solenoid  valves  bounced  oil  their  seats 
during  closing.  This  poor  seating  characteristic  of  the  valves  caused 
the  large  dP/dt.  winch  resulted  m  the  rapid  change  m  s  wnli  respect 


to  time  and  the  apparent  wave  motion. 


Observing  l  In.-  high  speed  film  of  the  switching,  one  also  detects 
a  momentary  lag  m  tin;  id's  roiation  as  it  passes  the  splitter.  Tins 
is  probably  due  to  tin*  reverse  How  from  the  atmosphere  delaying  the 
pressure  reduet  ion  in  the  outlet  channel  to  which  the  amplifier  is  to 
switch.  As  noted  previously  the  power  jet  must  be  forced  by  the  con¬ 
trolling  signal  into  an  asymmetrical  shock  and  separation  pattern 
such  that  the  major  portion  of  the  flow  is  forced  out  the  intended 
outlet  channel.  When  this  power  flow  begins  to  restrict  the  reverse 
atmospheric  flow  in  the  intended  exit  channel,  the  pressure  falls  in 
that  channel  and  the  deflecting  shock’s  strength  m  tin'  intended  outlet 
channel  decreases.  Thus  as  the  shock  at  the  boundary  to  which  the 
power  stream  is  switching  decreases  i n  strength  the  power  let  com¬ 
pletes  switching  and  a  stable  flow  pattern  is  established,  with  or 
without  the  control  signal. 

At  first  glance  it  appears  that  there  might  be  quite  a  difference 

between  the  mechanics  of  switching  as  a  result  of  pressure  forces 

and  momentum  forces  .  However,  as  stated  previously  m  Section  !!, 

the  important  thing  is  to  cause  a  disturbance  and  subsequent  shoc  k 

which  deflects  the  flow.  The  deflecting  mechanism  m  this  case  is  an 

oblique  shock.  To  establish  the  shock  a  minimum  local  pressure 

rise  across  the  shock  must  be  established.  Whether  one  attributes 

the  pressure  downstream  of  the  shock  to  the  pressure  or  momentum 

of  the  signal  is  immater  ial.  Consider  Hernoulli’s  one  dimensional 

2 

equation,  I1  ^  (l/2)ijv“)  -  Constant.  Trio  potential  of  the  fluid  before 
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flowing  through  the  control  port  throat  is  primarily  pressure.  At, 
and  immediately  past  the  throat,  this  potential  has  changed  primarily  to 
kinetic  potential.  The  control  flow  dot's  no!  penetrate  the  power  flow 
because  the  power  flow  acts  like  a  rigid  body  when  this  type  penetration 
is  concerned.  Thus  when  the  com-ol  flow  contacts  the  power  flow, 
the  control  How  will  he  partially  stagnated  if  tin'  power  stream  fills 
the  cross  section  arid  prevents  flow  around  tin-  power  stream.  T  his 
stagnation  produces  an  effective  local  pressure  rise  which  causes  tin- 
shock  and  resulting  direction  of  flow  change.  Thus  pressure  and 
momentum  force  switching  art-  approximately  the  same  wln-n  the 
control  flow  is  directed  normal  to  the  power  flow. 

Due  to  the  difficulty  in  evaluating  some  of  th  .iregrals  of 
equation  11-21,  a  lengthy  numerical  procedure  will  In  required. 

At  present  a  computer  program  is  being  wnt'oi  fur  an  -  x'remeb 
simplified  model  to  determine  numerical  switching  turn  s  for  d  if  roit 
supply  pressures,  exhaust  pressures  and  coir  ml  pressures  . 


IV.  CONCLUSIONS 


An  analysis  has  been  developed  which  predicts  the  maximum 

P^/P^.  for  which  the  power  jet  will  flow  out  one  it.  The  analysis 

will  be  applicable  to  amplifiers  which  have  similar  geometries.  The 

(P  / P.)  is  corroborated  by  experimental  data.  The  lower  limit 
o  t  max 

of  P  /P  was  also  established  by  experiment. 

For  an  amplifier  with  no  geometrical  bias  and  no  control  signals 
or  restrictions  applied  to  it,  the  power  flow  splits  approximately 
evenly  between  the  two  exits  even  in  the  bistable  flow  regimes  of 
supply  pressures.  Thus  the  flow  separation  and  flow  directing  shocks 
are  symmetrical  since  the  flow  splits  evenly  out  the  two  exits. 

Whenever  all  the  prwer  fluid  flows  out  one  exit  then  at  some 
position  in  the  amplifier  the  flow  must  separate  from  a  model  bound 
ary.  This  separation  is  caused  by  the  local  pressure  in  that  region, 
and  the  separation  position  can  be  predicted  with  the  bistable  analysis. 
Since  all  the  power  fluid  flows  out  one  exit  and  the  flow  is  supersonic 
there  must  be  an  oblique  shock  which  turns  the  flow.  These  separa¬ 
tion  shocks  have  been  observed  using  the  schlieren  visualization  tech¬ 
nique  . 

The  pressure  ratio  P  IP.  determines  the  separation  area  ratio 

of 

A  /  A  and  Mach  Number  M.  .  If  the  power  flow  is  to  be  stable  and 
it  1 

leave  the  model  by  one  exit  then  different  local  ambient  pressures 
must  be  maintained  at  the  upper  and  lower  flow  boundaries.  These 
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local  ambient  pressures  establish  shocks  of  different  strengths  which 
make  it  possible  for  the  flow  to  be  stable. 

The  f;"  ng  of  the  exit  flow  channel  to  prevent  unrestricted  reverse 
flow  from  the  atmosphere  and  thus  cause  a  lower  pressure  in  the 
intended  exit  channel  is  necessary  for  bistability.  For  the  power  flow 
to  be  bistable  the  flow  channel  in  the  control  port  region  must  also  be 
sufficiently  filled  by  the  power  jet  to  prevent  control  flow  from  the  high 
to  the  low  pressure  region. 

When  the  chamber  pressure  is  800  psig  or  less  it  is  apparent  from 
the  high  speed  schlieren  film  that  positive  control  is  not  achieved  with 
the  amplifier  tested.  For  chamber  pressures  of  600  psig  or  less 
negative  control  effects  are  observed.  The  negative  control  pheno¬ 
menon  was  not  investigated  closely.  The  reason  that  negative  control 
occurs  is  very  probably  due  to  the  separation  of  the  power  stream 
long  before  reaching  the  control  port  region.  The  separation  and 
contraction  of  the  power  fluid  allow  the  control  signal  to  flow  around 
the  power  jet.  stagnate  and  create  a  higher  pressure  region  at  the 
opposite  flow  boundary.  The  higher  pressure  causes  a  stronger 
shock  and  the  resulting  negative  control. 

The  separation  area  ratio  A./A^  does  not  vary  with  the  nozzle 
half  angle  a  (2).  Thus  with  the  same  expansion  ratio  and  pressure 
ratio  (PQlP^)  and  a  larger  nozzle  half  angle,  the  separation  position 
will  be  closer  to  the  nozzle  exit.  Therefore  the  fluid  has  less  axial 


distance  in  which  it  can  recompress  and  thereby  decrease  the  diam- 
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eter  of  the  stream.  With  the  larger  stream  diameter  the  flow  passage 
is  more  nearly  filled  and  the  control  fluid  has  less  space  in  which  to 
flow  around  the  power  str<  am.  It  can  also  be  seen  that  for  a  constant 
Pq/P^.  the  deflection  angle  of  the  free  stream  boundary  is  constant. 
Since  the  free  stream  boundary  follows  the  model  boundary  approxi¬ 
mately,  if  a  is  increased,  some  angle  is  reached  for  which  the  free 
stream  boundary  cannot  be  deflected  into  the  desired  outlet  channel. 
Thus  the  half  angle  of  expansion  must  be  determined  such  that  the  free 
stream  boundary  can  be  deflected  into  the  desired  channel.  For 
simple  conical  nozzles  this  fixes  the  angle  a  when  the  location  of  the 
splitter  is  fixed . 

Extension  of  the  range  of  chamber  pressures  which  can  be 
switched  with  the  same  amplifier  and  control  signal  would  extend 
the  usefulness  of  any  amplifier.  It  is  reasonable  to  assume  that 
this  can  be  accomplished  by  redirecting  ti.e  control  flow  toward  the 
nozzle  throat.  Consider  Figures  11-3  and  1V-21.  In  the  case  of 
Figure  II - 3  the  atmosphere  effectively  supplies  the  control  flow  that 
produces  the  bistable  state.  In  switching  the  power  stream  to  the 
second  exit  the  control  signal  creates  an  initial  temporary  pressure. 

If  the  control  signal  were  directed  parallel  to  the  model  wall  in  a 
manner  similar  to  the  atmospheric  reverse  flow  in  Figure  II - 3  there 
would  be  less  tendency  for  the  control  signal  to  flow  around  the  power 
stream  and  the  switching  range  would  be  extended  to  lower  chamber 
pressures.  Also  at  the  higher  chamber  pressures  the  control  signal 
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would  be  more  effectively  stagnated  before  being  entrained  by  the 
power  jet  and  swept  downstream.  Thus  it  is  possible  that  both 
higher  and  lower  values  of  chamoer  pressures  may  be  controlled  by 
directing  the  control  signal  input  toward  the  power  jet  nozzle  throat. 
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